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ABSTRACT 
HYDRAULIC GEOMETRY AND CARRYING CAPACITY OF FLOODPLAINS 
Hydraulic geometry relationships for floodplains of nine river basins 
in Illinois and four river basins outside of the state were developed. Re- 
lationships between floodplain width, cross-sectional area, surface area, 
depth, sinuosity, incision, and stream order have been developed. These 
hydraulic geometry parameters were also found to be related to the drainage 
area of the individual stream segments. Hydraulic geometry coefficients of 
the floodplains of Illinois streams were found to be similar although the 
developed relationships have different base values. ~ypsometric analyses of 
the Illinois streams indicated that most of the streams in Illinois are in a 
mature stage of development. All of the hydraulic geometry parameters of the 
floodplains increased in the downstream direction. However, for some rivers, 
the cross-sectional areas showed an increase in the downstream direction up 
to a certain distance and then it decreased to some extent near the mouth of 
the river. Comparison of the hydraulic geometry parameters of the floodplains 
and the main streams indicated that the hydraulic geometry parameters of the . 
floodplains increased at a lower rate in the downstream direction than did the 
corresponding parameters of the main streams. 
Data, such as number of bends, radius of curvature, deflection angle, 
and cross-sectional area, from the Embarras River were utilized to perform 
a statistical analysis. This analysis indicated that the deflection angle 
of the bends, the radius of curvature, and the length of the bend per unit 
deflection angle for each order of the stream fitted a log-normal probability 
distribution with two parameters very well. 
Actual field data related to the carrying capacity of floodplains were 
analyzed to determine the distribution of flow in the main channel and in 
the floodplains. The carrying capacity of floodplains can vary anywhere 
from a few percent to more than 80 percent of the total flow for the data 
analyzed for this research. With an increase in the return period of the 
flood event, the carrying capacity of the floodplain increases. During low 
flood events, the floodplains act as a combination of conveyance channel and 
storage reservoir. However, when the return period of the flood event is 
about 40 years or more, the floodplain and the main channel appear to behave 
as a single unit carrying a proportionate share of the discharge. Analyses 
of the average flow velocities in the floodplain and in the main channel for 
different in-bank and out-of-bank flow conditions also indicated that the 
character of the floodplains changes from a storage channel to a conveyance 
channel as the flood event increases in magnitude. Practical applications of 
the hydraulic geometry relationships are also shown. 
REFEFtENCE: Bhowmik, Nani G., and John B. Stall, HydrauZic Geometry and Carry- 
ing Capacity o f  FZoodpZains, University of Illinois Water Resources Research 
Center Research Report No.185. 
KEY WORDS: Floodplains, Hydraulic Geometry, Stream Order, Cross Sections, 
Depth, Width, Carrying Capacity, Floods, Humid Areas, Streams, Hypsometric 
Analysis, Incision, Flow Duration. 
HYDWULIC GEOMETRY AND CARRYING CAPACITY OF FLOODPLAINS 
by Nani G. Bhowmik and John B. Stall 
INTRODUCTION 
White and Haas (1975) in a pioneering book published in 1975 commented, 
"Floods account for larger average annual property losses than any other 
single geophysical hazard . . . knowledge of the nature of flood damage as 
it is related to differences in stage, flood onset, duration, velocity, and 
sediment load would make it possible to evaluate more precisely the effects 
of various management measures and to take account of catastrophic events." 
Hoyt and Langbein (1955) noted, "Few natural phenomena have been so well 
recorded since the birth of civilization as floods," Floods have occurred, 
are occurring now, and in all probability will occur in the future. 
Considerable public interest, economic implications, technical innova- 
tions, human suffering, and a broad spectrum of other factors are associated 
with floods and the floodplains. Ward (1978) has described in detail the 
floods that have occurred in recent years around the world. The loss of 
lives has varied from none to 10,000 people with untold misery and economic 
suffering. 
Streams and rivers represent a dynamic system which has been working on 
the earth's crust from prehistoric time. The shape, the size, the extent, 
and the spread of the floodplains and stream cross sections are the end prod- 
uct of this dynamic system. The formation and development of the floodplain 
must have followed the laws of nature and consequently must have formed in a 
very systematic manner. This report presents some of the results which to 
some extent confirm the hypothesis that the formation of the floodplain fol- 
lows a definite pattern and that this formation and the existence of the 
present floodplains can be explained numerically. 
Objectives 
The objectives of this research can be divided into two broad categories 
as follows. 
A. Analyze the hydraulic geometry of  the  f loodplains 
The hydraulic geometry parameters of the floodplains for nine principal 
river basins in Illinois and four river basins from other parts of the United 
States were analyzed to answer questions such as: 
1) Have the floodplains adjusted to a consistent pattern which can be 
evaluated quantitatively in terms of their hydraulic geometry parameters as 
determined from topographic maps and/or actual field measurements? 
2) Can the hydraulic geometry parameters be related to stream pattern 
such as stream order, and to flood volume such as 100-year floods, and to 
landform characteristics? 
3 )  Are there any variations of these developed relationships for var- 
ious physiographic divisions? 
Also an attempt was made to test whether or not the developed relation- 
ships are transferable, and if so, how and under what circumstances can the 
results be transferred. 
B. Inves t igate  the carrying capacity of  fZoodpZains 
In this second part an attempt was made to determine whether or not the 
floodplains act as a storage reservoir or as a conveyance channel. Possible 
changes in floodplain characteristics under varying flow and flood conditions 
were investigated, and the cause and reasons for such behavior were identified. 
The main objective was to try to answer the question "Does the floodplain car- 
ry flood water or just store it?" 
Scope 
A complete hydraulic and morphological investigation of all the major 
floodplains of the streams and rivers in the country to determine hydraulic 
geometry relationships is beyond the scope of this investigation. The lim- 
ited number of streams and rivers that were selected for analyses were chosen 
to cover a wide range of physiographic areas. All the rivers are from the 
humid areas of the country and the variability as to slope, terrain, and run- 
off was considered in the final selection process. Arid areas with runoff of 
less than 5 inches were excluded. 
In the determination of the carrying capacity of floodplains, only ex- 
isting field data were analyzed. Streams from the Midwest, Alabama, and Min- 
nesota were considered. Data related to flow distribution in the main channel 
and in the floodplain duri,ng flood flow are extremely scarce and it is very 
hazardous to collect such data. Thus the analyses were confined to the avail- 
able field data collected by various federal agencies. 
Plan of the Report 
This report has two main divisions. The first part of the report covers 
the background, data analysis, and the results obtained in connection with the 
broad heading "Hydraulic Geometry of Floodplains." Similarly, the second part 
covers the identical subheadings under the main heading of "Carrying Capacity 
of Floodplains." Separating these two main objectives maintains the identity 
of the individual segments of the research without making any compromise as 
to the content and the extent of the research objectives. The summary and 
conclusions, references cited, and notations are given at the end of the 
report. 
This arrangement of the report will hopefully present the results of the 
investigation in a systematic and easily understandable format. 
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A. HYDRAULIC GEOMETRY OF FLOODPLAINS 
BACKGROUND 
A news item published in the Engineering News Record (1975) on June 5 
stated: "The federal government, increasingly resentful of continued flood 
disaster losses, is putting teeth in its demands that floodplains be properly 
regulated and managed or adequately insured." The primary question is, What 
is a floodplain? Wolman and Leopold (1957) stated that "floodplains" can 
also be termed "valley flats1' and ". . . may include those formed by different 
processes such as landslides, low angle fans, and perhaps others . . . an im- 
portant process resulting in the formation of valley flats is a combination 
of deposition on the inside of river curves and deposition from overbank 
flows. This process produces many of the flat areas adjoining river channels 
and probably most of the floodplains of the great rivers of the world." Thus 
it appears that floodplains can be defined as the relatively flat portion of 
the overbank areas which is flooded occasionally and has been formed over the 
years. Geomorphologically it is called the surface built by the present river 
through sediment deposition associated with lateral migration and flooding. 
Floodplains can also be formed by a sudden and extreme event such as the 
Kansas City flash flood of 1977 (U. S. Department of Commerce, 1977) or the 
Hurricane Agnes flood (Ritter, 1974) of 1972. These extreme events not only 
reshape the floodplains, but also can affect the stream geometry restructuring 
its shape and size. 
Floods have been studied by numerous researchers and investigators. The 
development, the causative factors, and the propagation of flood waves have 
been studied for different geographic and geologic areas both theoretically 
and empirically. 
Various investigators have worked on the classification of floodplains 
* 
based on different physical phenomena. Melton (1936) has classified the 
floodplain structure on the basis of stream activity. Carey (1969) has de- 
fined four different kinds of floodplains on the basis of river migration 
and sedimentation action. 
Floods and floodplains have been managed by humans for a long time. Dikes 
and levees have been constructed to confine the flow within a certain area. 
Dams have been constructed to reduce the peak flows in the downstream reaches 
of the river. Sometimes these attempts were successful (Buehler, 1977) and 
at other times dikes, levees, and dams have failed because of either man-made 
shortcomings or unprecedented naturh forces. In all these instances, the 
river has been trying to readjust itself and thus to develop its own flood- 
plains. 
At present in the United States, floodplains are being studied and flood- 
plain regulation ordinances are being promulgated. The simplest procedure 
that is followed is to determine the flooded area for a flood event which has 
a probability of occurrence once in 100 years. This has already been accepted 
by various state, federal, and local officials to be the flood for which the 
floodplains should be regulated. This flood event, that is, a 100-year flood, 
may or may not be the dominant flood that is responsible for the formation of 
the floodplains. However, for the lack of any better definition, the 100-year 
flood is taken to be the floodplain-forming discharge for the present study. 
Floodplains and the flood inundated areas can also be studied from aerial 
and/or satellite photography. Such an investigation for the Soviet Union was 
reported by Prokacheva and Usachev (1976). However, aerial photography and 
satellite imagery can only help to determine the extent of a particular flood 
event and cannot be used to investigate the hydraulic geometry parameters of 
the floodplains . 
It is quite conceivable that a theoretical analysis of the geomorphology 
in association with the geometrical properties of the floodplains may shed 
some light as to the consistency or the inconsistency in the formation and 
development of floodplains. 
Quantitative Geomorphology 
and Hydraulic Geometry 
The physical laws of mechanics and hydraulics were used by Horton (1945) 
in a comprehensive study of geomorphology in which he revealed a consistent 
pattern under which stream systems develop and to which they continually ad- 
just. He showed that the number of streams, the length of streams, and the 
slope of the streams were all related consistently to stream order throughout 
any existing stream system. Later revisions of the Horton stream-ordering 
system were made by Strahler (1964). Because of the inherent flexibility and 
soundness of the Strahler system of stream ordering, it was used by Stall and 
Fok (1968) for Illinois streams, by Stall and Yang (1970) for 12 river basins 
in the United States and by various other investigators. It provides a means 
of evaluating numerically the structure of a stream system, and has been used 
extensively to allow a place comparison for hydraulic characteristics at var- 
ious locations within a stream system. 
The Horton-Strahler system of stream order and the associated laws of 
stream development have considerable hydrologic implication regarding floods, 
reservoir sedimentation, sedimentation in general, and many other factors. 
Stall and Fok (1968) presented a detailed discussion of the usefulness of 
the stream-ordering systems for various hydraulic and hydrologic applications. 
Rzhanitsyn (1960) also discussed authoritatively the concept of stream-ordering 
systems. 
A definite and clearcut correlation is needed between the stream ordering 
and the hydraulic geometry of the stream before the system of stream develop- 
ment can be defined. The important hydraulic characteristics of a stream chan- 
nel are width, depth, and velocity of flow. Leopold and Maddock (1953) pro- 
posed the concept of hydraulic geometry relationships for stream systems in 
various physiographic locations. They showed that width, depth, and velocity 
of flow in a stream change along the course of the stream in a downstream di- 
rection, with a constant frequency of discharge. This hydraulic geometry con- 
cept was shown to be valid for Illinois streams by Stall and Fok (1968) and 
also by Stall and Yang (1.970) who observed that 12 stream systems selected 
from various parts of the country did in fact adjust their channels to a con- 
sistent pattern which was numerically specified by the concepts of hydraulic 
geometry. 
The hydraulic geometry concept postulated by Leopold and Maddock (1953) 
and the Horton-Strahler (1964) stream-ordering system have been utilized by 
various investigators around the world to determine and to predict the hy- 
draulic geometries of stream channels at various locations in the stream 
course. It is now an accepted fact that the concepts of hydraulic geometry 
and of stream-ordering systems are generally applicable for streams and rivers 
located in various geographic and physiographic locations. It appeared to the 
authors of this report that floodplains are also curved in a systematic way 
and that the development of floodplains seems to follow a pattern. It was 
suspected that the concept of hydraulic geometry and stream ordering found 
to be so immensely valuable for explaining the stream system should also be 
equally applicable for explaining the development and formation of floodplains 
of the streams. After all, the same physical processes govern the development 
and formation of both the streams and the floodplains. 
On the basis of this premise, an exploratory investigation was undertaken 
to test the validity of this concept. The exploratory investigation was suc- 
cessful and it has shown that the hydraulic geometry of the floodplains is 
correlated with stream order in a pattern similar to that found valid for the 
streams and rivers. This initial success persuaded the researchers to continue 
a detailed investigation. Some of these results have already been presented 
by Bhowmik and Stall (1976) at the 1976 American Society of Civil Engineers 
Hydraulics Division Specialty Conference. The detailed results are presented 
in this report. 
DATA ANALYSIS 
Altogether, nine river basins in Illinois and four river basins outside 
of the state were selected for the present investigation. All these river 
basins are located in the humid areas of the United States. Hydraulic geom- 
etry relationships for the main channel of these rivers have already been de- 
veloped by Stall and Fok (1968) for Illinois streams and by Stall and Yang 
(1970) for the streams outside Illinois. 
The streams selected from Illinois covered all the physiographic divi- 
sions described by Leighton et al. (1948). These physiographic divisions 
are shown in figure 1. The stream systems selected from outside the state 
also covered a wide range of physiographic conditions. Information regarding 
the physiographic divisions of the United States are available from Fenneman 
(1938, 1946), Raisz (1957), and Hunt (1967). In Illinois various important 
hydrologic phenomena have been shown to be associated with the physiographic 
divisons of the state. For example, Mitchell (1957) showed that physiographic 
divisions were important in explaining the variations in flood hydrology for 
the various regions of the state. The low flows of Illinois streams were shown 
by Stall (1964) to be associated with physiographic divisions. 
Figure I .  P~incipaZ physiographic div is ions  of ~ Z Z i n o i s  
One way to determine the hydraulic geometry of floodplains is to measure 
the width, depth, and cross-sectional areas of the floodplains in the field 
at numerous locations and then compute an average value. Obviously, this is 
a physical impossibility. It was thought that if the hydraulic geometry par- 
ameters of the floodplains were determined by initially delineating the flood- 
plains on standard U. S. Geological Survey topographic maps and the average 
values for various parameters were then determined, the results should depict 
a clear picture of the variability of the hydraulic geometries of the flood- 
plains. The various steps involved in the determination of the hydraulic 
geometry parameters of the floodplains are described below. 
As a first step, the river basins from within and outside the state of 
Illinois were selected for further evaluation. Next, the topographic maps 
covering the drainage areas of each selected river were gathered. These topo- 
graphic maps are available in 15 minute and 7* minute sizes for various stream 
systems. Next the Horton-Strahler stream orders were determined. According 
to Strahler (1964) visible unbranched streams shown on the topographic maps 
in blue were defined as the first order streams. When two first order streams 
join, a second order stream begins and so forth. For this investigation, only 
streams of third order or higher were used. For streams smaller than third 
order, the floodplains are not well defined making it extremely difficult to 
delineate the floodplains from topographic maps. Streams of third order or 
higher normally have a well-defined floodplain. 
Next the floodplain for each selected stream for each order was deline- 
ated on the corresponding topographic map. This operation required a con- 
siderable amount of judgment and was time consuming. In order to be consis- 
tent in the delineation of the floodplains from one river basin to the other, 
the delineations were made by two persons. Occasionally the delineated flood- 
plains by one researcher were exchanged with the second researcher to check 
each other's work and to make sure the delineation was done consistently. 
Figure 2 shows such a delineated floodplain for the Spoon River in Illinois. 
Only a portion of the sixth order stream is shown. 
After delineating the floodplain for each order stream in each river 
basin, 10 to 60 cross section locations were marked on the map. The cross 
sections were selected in such a way that all variabilities in the widths 
of the floodplains along the river were covered. This ensures that the 
computed cross-sectional area and depth of the floodplain will give repre- 
sentative values for that particular stream. Figure 2 also shows the loca- 
tions of the cross sections for this segment of the Spoon River. 
The delineated floodplain on the map for each reach of the river was 
then planimetered and the down-valley length of the floodplain was determined. 
The down-valley length of a river is defined as the distance that the river 
could have traveled had it flowed at the middle of the valley in each reach 
of the river. Since most of the streams follow a meandering pattern, the 
down-valley length is normally shorter than the actual length of the river. 
The ratio of the planimetered floodplain area in the plan view to the down- 
valley length gave the average width W of the floodplain for that specific 
reach of the river. 
The average cross-sectional area of the floodplain A for each stream 
order in the river basin was computed by the following procedure. The dis- 
tances from the edge of the floodplain of all the contour lines at each 
cross section line (figure 2 )  were measured. The difference in elevation 
between the contour line at the edge and in the floodplain determined the 
depth of the floodplain at that location. The cross-sectional area of the 
floodplain was then computed at each aross section and the average cross- 
sectional area for the entire reach was determined. From this average area 
A and the average width W, determined from the planimetered area, the average 
depth of the floodplain D for each reach was computed. Figure 3 shows some 
typical cross sections of the floodplains for streams of different orders. 
Figure 2. TypicaZ f Zoodp Zain de Zineation 
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Figure 3. TypicaZ cross 'sections of f ZoodpZains 
The other hydraulic geometry parameters that were computed are the sin- 
uosity Ss and incision I. ,Here sinuosity is defined as the ratio of the 
stream length to the down-valley length for any order stream. The incision 
is a relatively new terminology which is defined as the numerical difference 
in elevations between the top of the floodplain and the bottom of the stream. 
The computation of sinuosity was straight forward. Here the stream length 
and the down-valley length for each order stream were measured and their 
ratio was computed to give the sinuosity for that stream segment. However, 
to measure the incision for each stream, the differences between the top of 
the floodplain and the bed of the stream were determined at 8 to 10 locations 
in each reach and an average value was computed. This average value was 
taken to be the representative numerical value of the incision for that par- 
ticular order stream. 
The hydraulic geometry parameters described above are the main parameters 
that were used in this research. In addition to these, a few other parameters 
were either measured or computed for eventual interpretation and use and these 
will be described in subsequent sections. 
Leopold and Maddock (1953), Stall and Fok (1968), and Stall and Yang 
(1970) have shown that the hydraulic geometry of a stream along its length 
follows a consistent pattern and basically is carved by the bankfull stage. 
The flow at the bankfull stage has the same frequency of occurrence through- 
out the length of the stream. This bankfull discharge was estimated to have 
a frequency of occurrence equal to 0.1 or, in other words, the flow exceeded 
or equalled this value in only 10 percent of the days in a year. It was 
postulated by them that a system of equations given below by equations 1 
through 4 should be valid for the streams and rivers in various physiographic 
areas of the world. 
Here K1, Kp, Kg, KI,, Kg, and K7 are coefficients; U is the stream order; 
W, A, and D are the width, area, and depth, respectively; and Q is the discharqe. 
The drainage area DA was shown to be related to the stream order U for all 
the streams investigated by Stall and Fok (1968) and Stall and Yang (1970). 
Thus stream order U in equations 1 through 4 can be replaced with drainage 
area DA- 
In the case of streams, the discharge Q shown in equation 4 is the bank- 
full discharge or a discharge with a frequency of occurrence of 0.1. However, 
in the case of floodplains, the floodplain-forming discharge must either be 
known or estimated or computed. It is quite reasonable to expect that the 
floodplains of the streams were also carved by a process similar to that of 
the streams and that this floodplain-forming discharge has a specific magni- 
tude and a specified return period. In the initial stages of this investi- 
gation, discharges having return periods of 5 to 100 years were determined 
either from the available gaging station records or from the method suggested 
by Carnes (1973). These comp~tations were done for two river basins from 
Illinois for a total of 63 river segments. Equations similar to equation 4 
were developed where Q was taken to have return periods anywhere from 5 to 
100 years. It was observed that a discharge having a return period of 100 
years fitted a relationship similar to equation 4 remarkably well. Therefore, 
in all subsequent analyses, the floodplain-forming discharge was taken to be 
the 100-year discharge, designated here as Qloo. 
The basic technique used in the analyses of the data as described above 
was the same for all river basins. Some variations and additional analyses 
were performed for some specific river basins and these will be described in 
the next section. 
HYDRAULIC GEOMETRY RELATIONSHIPS 
The hydraulic geometry relationships for the nine river basins within 
the state of Illinois and the four river basins outside the state that have 
been developed are presented under separate headings for each area. 
Illinois Streams 
The nine Illinois river basins for which the hydraulic geometry rela- 
tionships have been developed are the Des Plaines, Rock, Kankakee, Spoon, 
Sangamon, Kaskaskia, Big Muddy, Embarras, and Little Wabash Rivers. The 
geographic locations for these basins are shown in figure 4. 
In the determination of the average width W, average cross-sectional 
'area A, average depth D, average 100-year discharge Qlo0,average sinuosity 
Ss, and average incision I, for these river basins corresponding to each 
stream order, the following uniform procedure was followed. 
The number of streams for each order for different river basins varied 
anywhere from 1 to 380. Normally there is only 1 river segment corresponding 
to the highest order stream in each river basin and about 73 to 380 river 
reaches for the third order streams. In many instances, some of the third, 
fourth, or fifth order stream segments were very short and floodplains were 
not well defined. For these cases, a selection was made as to the number of 
stream segments in each case that could be analyzed with reasonable confi- 
dence. After a thorough examination of the topographic maps, these selections 
were made and the number of segmerlts for each stream order finally analyzed 
varied anywhere from 1 to 284. 
The hydraulic and geometric parameters were determined for each stream 
segment corresponding to each order stream for each river basin. Thus for 
some river basins for some 'order,' specifically for third order streams for- 
the Rock River, 284 separate hydraulic and geometric parameters were computed. 
These computed values of the hydraulic and geometric parameters were averaged 
to obtain a mean value for each parameter. It is this mean value that is 
utilized in all subsequent analyses. Thus the numerical values of A, W, D, 
Qioo, Ss, and I, and other parameters that are shown in this report, are the 
average values of the parameters corresponding to the specific stream order. 
The basic equation that was found to be valid for streams is given by 
equation 5. 
where Y = A, D, V, W, and Q; i, j, and k are coefficients; V is the velocity; 
and F is the frequency of discharge. In the case of main streams, the value of 
F can vary anywhere from 0.1 to 0.9 with the best fitting value occurring when 
the value of F was equal to 0.1, that is, the discharge for which the flow is 
exceeded only 10 percent of the time. However, in the case of floodplains, 
the floodplain-forming discharge is taken to be the 100-year discharge and 
Figure 4. Location of the main River basins in Illinois 
as such the value of F is constant for all cases. ~ h u s  with a constant value 
of F, equation 5 can be transformed into equation 6 as follows. 
Here n and m are coefficients. Equation 6 is the basic equation that is pos- 
tulated to be valid for the floodplains of different river basins. Equations 
1 through 4 are similar to equation 6 where the variable Y has been replaced 
with various hydraulic and geometric parameters. 
The hydraulic geometry relationships of the floodplains for various river 
basins are described in the following sections. 
Big Muddy River 
The total drainage area of this river basin (figure 4) is 2387 square 
miles. This river is located in the less glaciated part of the state and is 
almost fully contained within the Mt. Vernon Hills region (figures 1 and 4). 
Figures 5 through 11 show the relationship between W, A, D, Q l o o  , ss, 
I, and DA, respectively, and the stream order U. In all, 60 third order 
streams, 22 fourth order streams, 7 fifth order streams, and 3 sixth order 
streams were analyzed from this river basin. In each figure, histograms 
for each variable corresponding to the respective stream order are also shown. 
These histograms show the variability of the individual parameters within each 
stream order. 
For third order streams, where 60 streams were analyzed, the geometric 
parameters W, A, and D (figures 5, 6, and 7) showed a skewed distribution. 
All these distributions are skewed to the right, that is, the coefficient 
of skew Cs is greater than zero. Whereas for Q l o o  , Ss, and I (figures 8, 9, 
and 10) the frequency distributions are more or less symmetric with the co- 
efficient of skew Cs approaching a value close to zero. The distribution of 
DA (figure 11) for the third order streams is definitely skewed to the right, 
that is, a distribution with a long tail on the right side with Cs < 0. 
For the 22 fourth order streams, the distribution of the different hy- 
draulic, geometric, and geomorphologic parameters varied anywhere from uni- 
form to normal to skewed distributions. The distribution for various param- 
eters for fifth order streams is shown in figures 5 through 11; however, no 
specific comment can be made as to the variability of these parameters since 
only 7 streams were analyzed. 
In all these figures, it is quite clear that a definite relationship 
does exist between these parameters and the stream orders of this river ba- 
sin. As a matter of fact, the straight line fit between these parameters 
and the stream orders is very good. The regression line and the regression 
equation for each parameter and the stream orders are also shown on the re- 
spective figures. All these regression equations are summarized in table 1 
for the Illinois streams. 
Some specific comments are warranted regarding the variations of Ss and 
I with stream orders. Both these parameters showed a rather steep increase 
in numerical values as the stream order increased, or as one moves from the 
upstream toward the downstream direction. As a matter of fact, the average 
sinuosity for the sixth order streams, the highest order in this basin, is 
about 2. This shows that the actual length of the sixth order streams is 
twice that of the down-valley distances. This indicates the presence of an 
extremely sinuous stream at this location. The rather steep increase in the 
values of Ss with U (figure 9) is also an indication of the gradual increase 
in the meandering of the river in its downstream path. 
Table 1. Hydraulic Geometry Relationships of the Floodplains 
for Illinois Streams 
(Stream order U is the independent variable) 
where : 
Y = W, average floodplain width in feet 
= A, average floodplain cross-sectional area in square feet 
= D, average floodplain depth in feet 
= Qloo, average 100 year discharge in cubic feet per second 
= Ss, average sinuosity, dimensionless 
= I, average incision in feet 
= DA, average drainage area in square miles 
U = stream order 
n = coefficient 
m = coefficient 
Name Vmimwn Hydrau l i e  geometry 
o f  stream stream order parameter, Y 
Big Muddy 7 
Kaskaskia 
Little Wabash 
Embarras 
5 59'1- 
61'0 8P'Z 
So-0- LE'O 
60'0 81'2 
0 18'8 
1P'O E9'9 
29'1 LO'Z- 
PZ'O ES'Z 
10'0 12'0 
9L'O 69 ' S 
21'0 OP'Z 
E9'0 OP'8 
0 00'9 
SP 1 €79'1- 
81'0 ZZ'Z 
10-0 02'0 
OL'O PO'S 
P1'0 EP 1 
SL'O LS'L 
19'0 P1'9 
ZS'T EL'1- 
21-0 L1'E 
21-0 LZ'O- 
6L'O SL-5 
E1'O 05-2 
95'0 8E.8 
EP 0 88's 
ZE'1 SE '0- 
EZ'O TP Z 
20'0- 82'0 
6L'O 06'5 
PZ'O 08'1 
16 '0 E8'9 
L9 ' 0 EO ' S 
PS'T 09'1- 
20'0 9Z'E 
01'0 PZ - 0- 
88 ' 0 8P ' S 
SOSO 06'1 
PS ' 0 09'L 
6P'O OL'S 
sauye1d saa 
The values of the average incision I also showed an increase in the 
downstream direction (fiqure 10). Physiographically the Big Muddy River is 
located in the less glaciated part of the state in the Mt. Vernon Hills area, 
and although large scale reliefs are absent, this part of the state is rela- 
tively hilly compared with other parts of Illinois. ~ h u s  it appears that 
the increase in the value of I in the downstream direction is related to the 
physiography of the basin. The relative magnitudes of the value of incision 
have important implications for low stream flow characteristics. This point 
will be expanded in the latter part of this report. 
All the equations shown in figures 5 through 10 were developed relating 
W, A, DI Qloo , Ss, I and DA and the stream order U. However, U in these 
equations can be replaced with the drainage area D~ by use of the equation 
shown in figure 11. All the regression equations with DA as the independent 
variable are summarized in table 2. 
Table 2. Hydraulic Geometry Relationships of the Floodplains 
for Illinois Streams 
(Drainage area DA is the independent variable) 
where : 
Y '= W, At D, Q, SS, and I as defined in table 1 
nl = coefficient 
ml = coefficient 
Name Maximwn Hydraulic geometry 
o f stream stream order parameter, Y n r m 1 
Big Muddy 
Kaskaskia 
Little Wabash 7 
Table 2 .  
Name Ma=Cirm~m 
o f  stream stream order 
Sangamon 7 
Spoon 
Kankakee 
Rock 7 
, , , .:I 
j.. i 
> 
Des Plaines 
Concluded 
HydrauZic geometry 
parameter, Y 
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Figure 9. Relationship beti~een Ss and U for thc Big Muddy River 
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K a s k a ~ k f a  River 
The drainage area of the Kaskaskia River is 5801 square miles. The Kas- 
kaskia River basin lies in three physiographic divisions (figures 1 and 4 )  
starting in the glaciated part and flowing through the less qlaciated part of 
the state of Illinois. Physiographically the river is located in the basi- 
cally flat terrain of the state. 
Relationships between the average values of W, A, D, Qloo, ss, I, and 
DA with stream order U are shown in figures 12 through 18. Data from 88 
third order streams, 36 fourth order streams, 8 fifth order streams, 3 sixth 
order streams, and 1 seventh order stream were analyzed. The frequency dis- 
tribution or histograms for each parameter corresponding to third, fourth, 
and fifth order streams are also shown in these figures. 
The distribution of the widths for the third order streams appears to 
follow closely a normal distribution (figure 12), whereas all other param- 
eters for the third order streams (figures 13 through 18) follow a definite 
skewed distribution with the coefficient of skew being greater than zero, 
i.e., the distribution is skewed to the right. 
For the fourth order streams, all parameters except W follow a skewed 
distribution. No definite statement regarding the distribution of various 
parameters for the fifth order streams can be made because of the relatively 
small number of stream segments that were available and analyzed for this 
investigation. 
Examination of figures 12 through 18 will reveal that the fit of the re- 
gression line between various parameters and stream order, similar to the one 
postulated by equation 6, is rather remarkable. It is also quite clear that 
regression equations can easily be developed between these parameters and 
the stream order. These equations are given in figures 12 through 18. In 
general, the numerical values of W, A, D, Qloo, ss, I, and DA increase as 
the stream order increases, i.e., the values increase in the downstream 
direction. 
The relationships for Ss and I with U in figures 16 and 17 are rather 
interesting. The sinuosity shows some increase in numerical value with an 
increasing stream order, i-e., the meandering of the stream is increasing 
in the downstream direction. On the other hand, although the average inci- 
sion (figure 17) shows an increase with increasing stream order, its relative 
magnitudes between different stream orders are not very significant. This 
indicates that the Kaskaskia River flows through a relatively flat terrain 
with only slight variation in landscape elevations. 
The regression equations that have been developed and are shown in fig- 
ures 12 through 18 are given in table 1. Here again, DA can replace U in 
the regression equations by the equation shown in figure 18. Table 2 shows 
the regression equations with DA as the independent variable. 
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L i t t l e  Wabash Riuer 
The t o t a l  d ra inage  a r e a  of t h i s  r i v e r  b a s i n  is 3203 square  mi les .  Phys- 
i o g r a p h i c a l l y  t h e  r i v e r  o r i g i n a t e s  i n  t h e  S p r i n g f i e l d  P l a i n  ( f i g u r e  1) and 
flows through t h e  M t .  Vernon H i l l s  r eg ion  be fo re  j o in ing  t h e  Wabash River .  
This  p o r t i o n  of t h e  s t a t e  is a l s o  r e l a t i v e l y  h i l l y  e s p e c i a l l y  near  t h e  lower 
reaches o f  t h e  r i v e r .  
Data f o r  74 t h i r d  o rde r  s t reams,  22 f o u r t h  o r d e r  s t reams,  3 f i f t h  o r d e r  
s t reams,  2 s i x t h  o r d e r  s t reams,  and 1 seventh  o r d e r  stream have been analyzed 
f o r  t h i s  r i v e r  bas in .  F igu re s  19 through 25 show t h e  r e l a t i o n s h i p s  between 
t h e  hyd rau l i c  and geometr ic  parameters  and t h e  s t ream o rde r .  The h ighes t  
s t ream o r d e r  f o r  t h i s  r i v e r  b a s i n  i s  seven. The r e l a t i o n s h i p s  between W and 
U ,  and A and U i n  f i g u r e s  19 and 20 i n d i c a t e  t h a t ,  a s  f a r  a s  t h e  geomorphology 
is concerned, t h e  hyd rau l i c  geometry of  t h e  r i v e r  a t  o r  nea r  i t s  seventh o rde r  
i s  n o t  y e t  f u l l y  developed. Geomorphologically, t h e  r i v e r  a t  t h i s  l o c a t i o n  
i s  e i t h e r  i n  t h e  p roces s  of f u l l  development o r  t h e  expanse i n  t h e  bas in  i s  
no t  s u f f i c i e n t  f o r  i t s  f u l l  development near  i t s  h ighes t  o r d e r  s t a t e .  
A l l  o t h e r  r e l a t i o n s h i p s  show a gene ra l  i n c r e a s e  i n  t h e  numerical va lues  
of t h e  parameters  a s  t h e  s t ream o rde r  i nc reases .  The s i n u o s i t y  has increased  
from a va lue  c l o s e  t o  1.15 f o r  t he  t h i r d  o rde r  s t reams t o  a va lue  nea r  1 . 5  
f o r  t h e  seventh o r d e r  s t ream ( f i g u r e  23) .  The i n c i s i o n  va lue  has  a l s o  in -  
c reased  wi th  an i n c r e a s e  i n  s t ream o r d e r  ( f i g u r e  24) .  
Frequency d i s t r i b u t i o n s  of d i f f e r e n t  parameters  f o r  a l l  t h e  t h i r d  and 
fou r th  o r d e r  streams a r e  a l s o  shown i n  f i g u r e  19 through 25. The d i s t r i b u -  
t i o n  of  a l l  parameters  f o r  t h i r d  o rde r  s t reams a r e  skewed t o  t h e  r i g h t  wi th  
t he  coe f f i c ' i en t  of skew g r e a t e r  than  zero.  Whereas f o r  t h e  f o u r t h  o r d e r  
streams, t h e  d i s t r i b u t i o n  appears  t o  be uniform f o r  Ss  and I ( f i g u r e s  23 and 
24) and more o r  less skewed t o  t h e  r i g h t  (Cs >0)  f o r  a l l  o t h e r  parameters .  
The r e g r e s s i o n  equa t ions  developed between v a r i o u s  parameters  and t h e  . 
st ream o r d e r s  a r e  a l s o  shown on f i g u r e s  19 through 25. These equa t ions  a r e  
summarized i n  t a b l e  1. The s t ream o rde r  U i n  t h e  r e g r e s s i o n  equa t ions  shown 
i n  f i g u r e s  19 through 24 can be rep laced  by DA with t h e  equa t ion  shown i n  
f i g u r e  25. Table  2 shows t h e  r e g r e s s i o n  equa t ions  wi th  DA a s  t h e  independent 
v a r i a b l e .  
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Embarras River 
The Embarras River is located in three physiographic divisions of the 
state of ~llinois (figures 1 and 4). The river originates in the Bloomington 
Ridged Plain, flows through the Springfield Plain, and empties into the Wa- 
bash River in the eastern part of Mt. Vernon Hills region. The river flows 
through a more or less flat part of the state where significant topographical 
variations are absent. The total drainage area of this river basin is 2440 
square miles. 
Figures 26 through 32 show the relationships that were developed between 
the hydraulic and geometric parameters and stream orders. The number of 
stream segments that have been analyzed for each order stream is also shown 
in these figures. 
Correlation between the hydraulic geometry parameters W, A, and D and 
the stream order U in figures 26, 27, and 28 indicate that, although there 
is a general increase in the numerical values of these parameters with an 
increase in stream order, a straight line fit in this semi-logarithmic plot 
is not very good. On the other hand, the correlations between Qioo, ss, I, 
and DA with U (figures 29 through 32) are rather good. 
For all third order streams, the histograms in these figures indicate 
that the frequency distributions of all parameters are skewed to the right 
with the value of Cs greater than zero. For fourth order streams, the fre- 
quency distribution of most of these parameters is also skewed with Cs >O. 
The sinuosity for this river basin varies from 1.11 for third order 
streams to 1.56 for sixth order streams, similar to the Little Wabash River. 
Regression equations developed between various parameters and the stream 
orders are also shown in figures 26 through 32, and these equations are sum- 
marized in table 1. Again, the stream order U in the regression equations in 
figures 26 through 31 can be replaced with the drainage area DA by the equa- 
tion given in figure 32. Table 2 summarizes the regression equations with 
DA as the independent variable. 
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Sangamon River 
Physiographically, the major part of the watershed of the Sangamon River 
is located in the Springfield Plain (figures 1 and 4). This is one of the 
intensely cultivated land areas in the state and no significant relief varia- 
tion exists in the watershed. The total drainage area of the river is 5418 
square miles. 
Figures 33 through 39 show the relationships that were developed between 
various hydraulic and geometric parameters and the stream orders. In all 
these cases, the fit is excellent. With an increasing value of stream order, 
the numerical values of these parameters also showed an increase except for 
sinuosity (figure 37). Here, the numerical values of Ss remained more or 
less constant in the downstream direction. This apparent constancy of Ss in 
the downstream direction may be because of some geologic variations in the 
watershed. The total number of stream segments that were analyzed for each 
stream order is also shown in these figures. 
The frequency distributions of W, A, D, Ss, and DA (figures 33, 34, 35, 
37, and 39) for the third order streams are skewed to the right with Cs >O. 
Whereas the distribution for Q l o o  and I (figures 36 and 38) for the third 
order streams appears to be skewed to the left with Cs <O. For the fourth 
order streams, the numerical values of most of the parameters are approxi- 
mately close to their respective average values. 
Figures 33 through 39 also show the regression equations that have been 
developed relating the various hydraulic, geometric, and geomorphic param- 
eters with the stream orders, and these equations are summarized in table 1. 
Again, the regression equations in figures 33 through 38, relating various 
parameters with U, can be replaced by the equation shown in figure 39 thus 
replacing stream order U with drainage area DA. These equations are sum- 
marized in table 2. 
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Spoon River 
Physiographically, the Spoon River is located in the Galcsburg Plain 
(figures 1 and 4). This is the glaciated part of the state of Illinois. 
The banks of the main stem of the Spoon River, especially near its lower 
reaches, have been eroding at an alarming rate. This is the Till Plains 
section in the state which consists of low, broad morainic ridges with 
intervening wide stretches of relatively flat or gently undulatory ground 
moraine. The drainage is generally in the initial stages of development. 
The total drainage area of the Spoon River is 1855 square miles. The 
highest stream order in the basin is six. Fiqures 40 through 46 show the 
relationships that were developed between various hydraulic and geometric 
parameters and the stream orders of the basin. The correlations between 
these parameters and stream order are excellent. An increase in stream 
order was associated with a corresponding increase in the numerical values 
of the parameters. Some exceptions to this observation are shown in figures 
41 and 42 where the numerical values of A and D have decreased to some ex- 
tent for the sixth order stream compared with the fifth order streams. This 
indicates that the river basin near its higher order areas may not yet be 
fully developed in terms of qeologic time. This observation is similar to 
those for the Big Muddy River (fiqures 5 and 6) and the Little Wabash River 
(figures 19 and 20). 
The frequency distributions for each parameter for the third and fourth 
order streams are also shown in figures 40 through 46. Data for 47 third 
order streams, 11 fourth order streams, 3 fifth order streams, and 1 sixth 
order stream were analyzed. The histograms for A (figure 41), D (figure 421, 
and DA (figure 46) for third order streams indicate a skewed distribution 
with Cs >O, whereas the distribution for W (figure 401, Q l o o  (figure 431, 
and I (figure 45) for the third order streams indicate a more or less uniform 
distribution. On the other hand, the distribution of Ss for the third order 
streams follows a more or less normal distribution. The number of fourth 
order streams analyzed is not sufficient to make any generalized comments as 
to the variability in their frequency distributions. 
  egression equations have been developed correlating these parameters 
with the stream orders and they are shown in figures 40 through 46. These 
regression equations are also summarized in table 1. The stream order U 
shown in these equations can be replaaed by DA with the equation given in 
figure 46. The regression equations with DA as the independent variable 
are summarized in table 2. 
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Kankakee River 
Physiographically, the Kankakee River is located in the Kankakee Plain 
of the state of Illinois (figures 1 and 4). The watershed of the Kankakee 
River extends into the state of Indiana. The upper part of the Kankakee 
River passes through extremely flat terrain in Indiana. This part of the 
river was channelized at the turn of the century and the river now flows 
through a straightened channel. The floodplain of the river in Indiana is 
rather broad and wide, with no clearcut topographical variation between the 
floodplain and the surrounding areas. Considerable difficulty was encountered 
in the demarcation of the floodplains in this segment of the river. The river 
mostly flows through alluvial materials consisting of predominantly sand and 
gravel with occasional silt and clay. 
The total drainage area of the Kankakee River is 5165 square miles. Of 
this drainage area 2996 square miles or about 58 percent is in Indiana. The 
highest stream order for this river basin is seven. Data for 86 third order 
streams, 28 fourth order streams, 10 fifth order streams, 2 sixth order streams, 
and 1 seventh order stream were analyzed. 
Figures 47 through 53 show the hydraulic geometry relationships that were 
developed between various parameters and the stream order U. The straight line 
fit between the natural logarithm of these parameters and U is excellent. Al- 
though in all cases a least-square-fit line is shown, it is clear that a line 
fitted by eye would almost coincide with the fitted line. The numerical values 
of all the parameters have increased with increasing stream order. 
The frequency distributions of each of the parameters corresponding to 
third, fourth, and fifth order streams are also shown in figures 47 through 
53. The frequency distribution is skewed to the right (C, >0) for W, A, Ss, 
and DA (figures 47, 48, 51, and 53) for all third order streams. However, 
the frequency distributions of D and I (figures 49 and 52) for the third 
order streams follow an approximate normal distribution. The frequency dis- . 
tributions of all the parameters for the fourth order streams varied anywhere 
from skewed to the right (Cs >O) to normal (Cs = 0) to skewed to the left 
(C, <O). Because only 10 streams were analyzed from the fifth order streams, 
no specific comments can be made as to the frequency distributions of various 
parameters. 
The average sinuosity shown in figure 51 varies from 1.12 for the third 
order streams to 1.21 for the sixth order streams and 1.06 for the seventh 
order stream. These values of sinuosity are low compared with the other 
river basins. This indicates that this river generally follows a direct route 
from the upstream to the downstream direction more or less staying in a down- 
valley path. Because the upper part of the Kankakee River has been straight- 
ened and many of the original meander patterns no longer exist, the true sin- 
uosity of the river near its upstream reaches could not be determined. More- 
over, many of the streams draining into the Kankakee River in its upper reaches 
are nothing but drainage ditches which for all practical purposes are straight 
segments with differing orientation. Thus the sinuosity measurements may not 
represent the true sinuosity of the river basin. 
The regression equations relating various parameters with stream order 
have been developed and these are shown on figures 47 through 53. These 
equations are also summarized in table 1. Again, the regression equations 
with stream order U as the independent variable can be replaced with DA by 
the equation shown in figure 53. Table 2 shows these modified relationships. 
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Rock River 
The Rock River originates in the Wisconsin Driftless Section and flows 
through the Till Plains Section of the central United States (figures 1 and 
4; Leighton et al., 1948). Within the Till Plains Section, the river flows 
through the Rock River Hills to the Green River   owl and before emptying into 
the Mississippi River. The river generally flows through subdued rolling 
hills which are in the maturity stages of drainage development. There are 
numerous lowlands in Wisconsin within the watershed of the Rock River. These 
low lying areas generally make up most of the floodplains. In the determina- 
tion of the floodplain widths and the estimation of the 100-year discharges, 
these marsh lands and/or the lakes had to be accounted for and their net in- 
fluence considered. 
The total drainage area of the Rock River is 10,917 square miles. Of 
this drainage area, 5574 square miles lie in Wisconsin. Data for 204 third 
order streams, 59 fourth order streams, 14 fifth order streams, 3 sixth order 
streams, and 1 seventh order stream were analyzed for the present investigation. 
Figures 54 through 60 show the hydraulic geometry relationships that have 
been developed for this river basin. All the hydraulic geometry parameters 
are related with the stream order U. The relations for W, A, and D with U 
(figures 54, 55, and 56) do not seem to correlate well. It appears that the 
floodplains of the river are all well developed in the lower order streams 
(upper reaches of the river) and as the stream moves toward its higher order 
segments (downstream) some physical and/or geological restraints have pre- 
vented it from attaining its full development. This may explain why the 
average numerical values of W, A, and D showed a steady increase from third 
through fifth order streams but a decrease in numerical values for the sixth 
and seventh order streams located in the lower reaches of the river. In 
this part, the river flows through a rather hllly section of the state. This 
geologic formation has apparently acted as a restraint in the development of 
the floodplains. 
The correlations between QlOo , Ss, I ,  and DA with stream order (figures 
57-60) are very good. In general, in all these instances and also for W, A, 
and D, the numerical values of all the parameters showed a steady increase 
in the downstream direction with increasing stream order. The average value 
of sinuosity increased from 1.17 for third order streams to 1.39 for sixth 
order streams and decreased to 1.19 for the seventh order stream (figure 58). 
Here again, it is apparent that the seventh order stream is not yet fully 
developed. The pattern of increase in the value of incision (figure 59) from 
a low value for third order streams to a high value for the sixth order streams 
and then a decreasing magnitude for the seventh order stream also indicates 
that the seventh order stream is not yet fully developed. 
The frequency distributions of the magnitudes of various parameters for 
the third, fourth, and fifth order streams are also shown in figures 54 through 
60. ~ h b  histograms for W, A, Qloo  , Ss, and DA for third order streams indicate 
that they are skewed to the right CCs >O). However, the histograms for D and I 
for the third arder streams indicate that they follow approximately a normal 
distribution. Also for the fourth order streams, the frequency distributions 
of W, A, and DA are skewed to the right, but the distributions of D and I can 
basically be approximated by a normal distribution. The variabilities of 
Q l o o  and Ss for the fourth order streams remained more or less uniform over 
the whole range of values. No specific comments can be made for the varia- 
bilities of the fifth order stream histoqrams, since only 14 individual 
streams were analyzed. 
Thc regression equations that were developed from these plots are also 
shown in fiqures 54 through 60. These equations are summarized in table 1. 
However, the variable U can be replaced with the variable DA by utilizing 
the equation given in fjqure 60. The regression equations with DA as the 
independent variable arc summarized in table 2. 
Figure 54. ReZationship between W and U for the Rock River 
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Des PZaines River 
The Des Plaines River is located in the northeastern corner of the state 
of Illinois (figure 4). Physiographically, the river is completely contained 
within the Wheaton Morainal Region of the state (figures 1 and 4). This area 
is characterized by glacial morainic topography where a series of broad paral- 
i lel morainic ridges exist. The drainage pattern is passing through a phase 
in between youthful and mature stages of development. 
1 The watershed of the Des Plaines River has undergone a tremendous amount 
of cultural and man-made changes. Many of the natural topographic variations 
have been changed, the floodplains have been altered, and a considerable amount 
of urban development has taken place. This river basin was selected for the I present investigation to see whether or not some meaningful analysis could be 
done for hydraulic geometry parameters of a river basin which had been subjec- 
ted to such an extensive change. 
The drainage area of the Des Plaines River is 706 square miles above the 
confluence with the Chicago Sanitary and Ship canal. At this time, the river. 
almost exclusively drains urban areas in and around the city of Chicago. This 
changed land use pattern has a direct effect on the runoff from the watershed 
and it is suspected that the 100-year flood discharge must have changed com- 
pared with an undisturbed watershed. Because of this changed character, Q l o o  
values were not computed for this river basin. 
Figures 61 through 66 show the hydraulic geometry relationships of the 
floodplains that were developed for this river basin. Only 11 third order 
streams, 3 fourth order streams, and 1 fifth order stream were analyzed. 
In general, all parameters except Ss (figure 64) showed a gradual increase 
in magnitude with an associated increase in stream order. Correlations be- 
tween A and U and D and U were not good. The values of Ss increased from 
third order to fourth order, but showed a decrease in value from the fourth 
to fifth order stream (figure 64). This apparent decrease in the value of 
Ss for the fifth order stream has most probably resulted because of the 
straightened alignment of the river in its lower reaches. 
The histograms for the third order streams are shown in figures 61 through 
66. Because of the small number of streams that were analyzed, no specific 
comments can be made as to the nature of the frequency distributions. The 
regression equations that have been developed with U as the independent vari- 
able are also shown in these figures. These equations are summarized in 
table 1. Again, U in all these equations can be replaced by DA with the re- 
gression equation shown in figure 66, and these equations are summarized in 
table 2. 
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Out of State Streams 
-- 
The four river basins that were analyzed are the White River in Indiana; 
the Big Sandy River in Kentucky, Virginia, and West Virginia; the Susquehanna 
River in New York and Pennsylvania; and the Neeches River in Texas. The main 
reasons for selecting these four river basins are: 1) the hydraulic geometry 
relationships for these streams had already been developed by Stall and Yang 
(1970) and 2) all the basic information was available in the files of the 
State Water Survey. 
The methodology used in the determination of the hydraulic geometry 
parameters of the floodplains is exactly the same as that used for the Illi- 
nois streams. These results will now be discussed. 
m i t e  River i n  Indiana 
Physiographically, the White River is located in the Central Lowland of 
the United States (Hunt, 1967) within the Till Plains Section. This section 
covers most of the states of Illinois and Indiana and parts of Ohio. No large 
scale physiographic variations exist in this area, although the White River 
watershed passes through some hilly topography of the state of Indiana. 
The whole river basin was not analyzed for the present investigation. 
The analysis was confined to an area previously covered by Stall and Yang 
(1970) for their hydraulic geometry analysis of the streams. The total drain- 
age area of the river basin for which the analysis was performed is 2988 
square miles. The highest stream order for this reach of the river is six. 
The river flows in a southwesterly direction. 
Figures 67 through 73 show the hydraulic geometry relationships for the 
fLoodplains that have been developed for this river basin. Data for 100 third 
order streams, 24 fourth order streams, 5 fifth order streams, and 1 sixth 
order stream were analyzed for the present investigation. The correlations 
between various parameters and the stream orders are excellent. 
It appears that the correlation between D and U (figure 69) is not as 
good as those for W and A with U (figures 67 and 68). However, on the aver- 
age, the numerical values of these and the other parameters show an increase 
with an increasing stream order. Figure 71 shows that the sinuosity of the 
river has increased on the average from 1.09 for the third order streams to 
1.32 for the sixth order stream. The numerical value of incision has also 
shown an increase from 21 feet for third order streams to 39 feet for the 
sixth order stream (figure 72). 
The histograms showing the variabilities of different parameters for the 
third, fourth, and fifth order streams are also shown in figures 67 through 
73. The frequency distributions of W, A ,  Q l o o  , Ss, and DA for the third 
order streams are definitely skewed to the right with Cs >O. However, the 
distributions of D and I for the third order streams, appear to follow a 
normal distribution. On the other hand, the distributions of W, A, D, Ss, 
and I for the fourth order streams follow approximately a uniform distribu- 
tion. The frequency distributions of Qlooand DA for fourth order streams 
follow a skewed distribution with Cs >O. Although the histograms for the 
fifth order streams are also shown in these figures, no definitive comments 
can be made as to their variabjlities and distributions since only a small 
number of streams were analyzed. 
The regression equations that wete developed are shown in figures 67 
through 73. In all these equations, stream order U was the independent var- 
iable. These regression equations are summarized in table 3. The indepen- 
dent variable U can be replaced with drainage area DA by the equation given 
in figure 73 and these modified regression equations are shown in table 4. 
Table 3. Hydraulic Geometry R~lationships of the Floodplains 
for Streams outside of Illinois 
(Stream order U is the independent variable) 
where : 
Y = W, A ,  D, Qloo Ss, I and DA as defined in table 1 
n, m = coefficients 
Name Maximum HydrauZic geometry 
of  stream stream order parameter, y n rn 
White 
Big Sandy 
Susquehana 
Table 3. Concluded 
Name Maximum Hy draulic geometry 
of stream stream parame tar ,  Y n m 
Neches 7 
Table 4.  Hydraulic Geometry  elations ships of t h e  F loodpla ins  
f o r  Streams o u t s i d e  of I l l i n o i s  
(Drainage a r e a  DA i s  t h e  independent v a r i a b l e )  
where : 
Y = W ,  A ,  D ,  Q i o o  , SS, and I a s  de f ined  i n  t a b l e  1 
Name Maximum Hydraulic geometry 
o f  stream stream order parame tar ,  Y n 1 m 1 
White 
Big Sandy 
Susquehana 
Neches 
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Figure 67.  Relationship between W and U for the White River 
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Big Sandy River 
The Big Sandy River basin is located in Kentucky, West Virginia, and 
Virginia. Physiographically, the river is located in the east central part 
of the United States in a physiographic division called Appalachian Plateaus 
(Hunt, 1967). This is more or less a mountainous or hilly section of the 
United States. The streams are generally incised in most places. The total 
drainage area of the river is 4008 square miles. 
Figures 74 through 80 show the hydraulic geometry relationships that 
have been developed for the floodplains. Data for 155 third order, 70 fourth 
order, 18 fifth order, 5 sixth order, 2 seventh order, and 1 eighth order 
streams were analyzed for the present investigation. 
An inspection of figures 74, 75, and 76 where W, A, and D were related 
with the stream order U indicates that the average values of these parameters 
for the sixth order streams are a little bit off the regression line fitted 
through all the points. This also remained true to some extent for the 
Qloo values (figure 77). Except for the sixth order streams, the numerical 
values of all other parameters fitted the regression lines quite well. It 
is obvious that some geologic or other restraints are at work in the sixth 
order streams effectively preventing them from being fully developed geo- 
morphologically. 
The sinuosity shown in figure 78 indicates that Ss varies from 1.07 for 
third order streams to 1.12 for the eighth order stream. This shows that the 
Big Sandy River is not a very sinuous river. 
The average value of incision increases from 49 feet for third order 
streams to 72 feet for the eighth order stream (figure 79). This indicates 
the existence of a very incised river. The fit of the regression line to 
the plotted points is very good. Similarly, the regression line between 
drainage area DA and the stream order U (figure 80) indicates an excellent 
correlation. 
The histograms' for all the parameters for third, fourth, fifth, and sixth 
order streams are also shown in figures 74 through 80. The frequency distri- 
butions of W and A for the third order streams follow an approximate normal 
distribution. The histograms for D and I for the third order streams can 
be approximated by a skewed distribution with C <0, i.e., skewed to the left. 
S On the other hand, the distributions of ~ ~ i ~ a n d  DA for the third order streams 
are skewed to the right with Cs >O. 
The frequency distributions of various parameters shown in figures 74 
through 80 for the fourth order streams can be approximated either by a nor- 
mal distribution or by a skewed distribution with Cs >0, i.e., skewed to the 
right. The number of streams analyzed for the fifth and sixth order streams 
are too few to make any generalized comments as to their frequency of dis- 
tribution. 
The regression equations that were developed correlating various par- 
ameters with stream orders U are also shown in figures 74 through 80 .  These 
equations are summarized in table 3. Again, the independent variable U can 
be replaced with the drainage area DA by the equation shown in figure 80 .  
These revised regression equations are shown in table 4. 
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Susquehanna R i u m  
The Susquehanna River is located in New York and Pennsylvania. Only 
that part of the river that is basically within the state of New York was 
analyzed. The drainage area of the analyzed portion of the river is 4920 
square miles. Physiographically, the river is located in the upper part 
of the Appalachian Plateau bisected by the Valley Ridges regions. In most 
areas, the river is highly incised with hills and mountains throughout the 
watershed. Among all the river basins that were analyzed for the present 
investigation, the Susquehanna River is the only river which flows mostly 
through a hilly and mountainous region of the country. 
Figures 81 through 87 show the hydraulic geometry relationships of the 
floodplains that were developed for this river basin. Data for 124 third 
order, 47 fourth order, 11 fifth order, 2 sixth order, and 1. seventh order 
streams were analyzed for this investigation. The correlations between dif- 
ferent hydraulic geometry parameters and the stream orders are excellent. 
An increase in stream order is associated with an increase in the numerical 
values of various parameters except for the sinuosity Ss (figure 85) which 
remained more or less constant in the downstream direction. This constancy 
of sinuosity indicates that the river is highly incised and flows approxi- 
mately near the middle of the valley, following a direct route almost co- 
inciding with the down-valley path. The numerical values of sinuosity vary 
from 1.06 to L.22. 
The frequency distribution of each parameter corresponding to third, 
fourth, and fifth order streams are also shown in figures 81 through 87. 
For the third order streams, the variabilities of W, D, A, Q l o o  , and I are 
more or less skewed to the right with Cs >O. The variabilities of Ss and DA 
are approximately normal for all third order streams. The histograms for A 
and D for the fourth order streams follow a,normal distribution, whereas all 
other parameters have skewed distributions with Cs>O. The number of streams 
analyzed for the fifth order streams is too few to make any generalized com- 
ments as to their frequency distributions. 
It was already mentioned that the Susquehanna River is one of the highly 
incised rivers analyzed for the present study. The average numerical values 
of I vary from 30 feet for the third order streams to 60 feet for the seventh 
order stream (figure 86). 
The regression equations that have been developed relating various hy- 
draulic geometry parameters with stream orders are also shown in figures 
81 through 87. These equations are summarized in table 3. Again, the in- 
dependent variable U in all these equations can be replaced with DA by the 
relationship shown in figure 87 and these revised equations are summarized 
in table 4. 
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Neches River 
The Neches River is  located i n  the  southeastern p a r t  of the  s t a t e  of 
Texas. Physiographically, the  r i v e r  is located i n  the  Coastal Pla in  of the  
southern United States.  The r i v e r  flows through a more o r  l e s s  l eve l  land- 
scape with occasional r e l i e f  variat ion.  The lower p a r t  of the  r i v e r  flows 
through a swampy area and t h i s  portion was not analyzed f o r  the  present in- 
vestigation.  The drainage area of the analyzed r i v e r  basin i s  8025 square 
miles. 
Figures 88 through 94 show the hydraulic geometry re la t ionships  of the 
floodplains t h a t  were developed fo r  t h i s  r i v e r  basin. Data f o r  97 t h i rd  
order, 27 fourth order, 9 f i f t h  order,  2 s i x th  order, and 1 seventh order 
streams were analyzed. The correla t ions  between various parameters and the  
stream orders a re  f a i r  t o  excellent. In  general, an increase i n  stream order 
is  associated with an increase i n  the numerical value of various parameters. 
The frequency d i s t r ibu t ions  of a l l  the parameters f o r  t h i rd ,  fourth,  and 
f i f t h  order streams a r e  a l so  shown i n  f igures  88 through 94. In  general, f o r  
t h i rd  order streams the  frequency d i s t r ibu t ions  of W, A ,  D I  Q l o o  , Ss, and DA 
follow a skewed d i s t r ibu t ion  with Cs>O. The frequency d i s t r ibu t ion  of I may 
be assumed t o  be following a normal dis t r ibut ion.  For fourth order streams, 
the frequency d i s t r ibu t ion  of most of the hydraulic geometry parameters is  
s imilar  t o  a uniform dis t r ibut ion.  Only 9 streams were analyzed f o r  the f i f t h  
order streams so no spec i f ic  comments can be made a s  t o  the v a r i a b i l i t i e s  and 
d i s t r ibu t ions  of various parameters. 
The average sinuosity var ies  from 1.08 fo r  the  t h i rd  order streams t o  
-54 f o r  the  seventh order stream (f igure  92). However, the average inci-  
ion var ies  from about 24 f e e t  f o r  th i rd  order streams t o  32 f e e t  f o r  the  
s ix th  order streams and about 26 f e e t  f o r  the seventh order stream (f igure  93). 
The differences i n  numerical magnitude of the  incis ions  between various 
stream orders a r e  not very s ignif icant .  
Regression equations were developed f o r  a l l  hydraulic geometry re la t ion-  
ships and these equations a r e  given i n  f igures  88 through 94 and a r e  a l so  
summarized i n  t ab le  3. Again, the independent variable U can be replaced 
with DA by the equation shown i n  f igure  94. These revised equations a re  
summarized i n  table  4. 
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Tahlc 5. Standard Statistics of the Coefficient m 
and Constant n for Illinois Streams in the Equation 
1 n Y  = n + mu 
where : 
Y = W, A, D, Q ~ O O  SS, I, and DA 
U = Stream order 
Variab l a  Mean IS u ' C s K- 3 
S ta t i s t i c s  for m 
W 0.52 0.11 0.01 0.20 -4.66 
:;tatistics for n 
W 6.16 0.74 0.54 0.37 -3.91 
A 7.92 0.60 0.36 -0.26 -4.13 
D 1.96 0.45 0.21 -0.27 -4.51 
(2100 5.82 0.43 0.18 -0.42 -4.16 
SS -0.007 0.30 0.09 -0.33 -4.42 
I 2.60 0.46 0.21 0.36 -4.77 
"A -1.29 0.63 0.39 0.46 -4.61 
0 = Standard deviation 
0' = Variance , 
Cs = Skewness coefficient 
K-3 = Excess Kurtosis coefficient compared with a normal distribution 
Hydraulic Geometry Coefficients 
The hydraulic geometry relationships of the floodplains for all the river 
basins have already been presented. The basic relationship is given by equa- 
tion 6 where the natural logarithms of various variables were related to the 
stream order U. The constant n shown in equation 6 is the intercept and the 
coefficient m gives the slope of the regression line. A standard statistical 
analysis was made to determine the different statistical parameters associated 
with the coefficient m and the constant n. These statistics are shown in 
tables 5 and 6. 
Table 5 shows the standard statistics of m and n for all the Illinois 
streams. In this table, the statistics shown for m for the variable Q l o o  
do not include the Des Plaines River. 
The variance, u2 indicates the spread of the variable values about a 
central value. Higher values of 0' will indicate a spread of the variable 
Table 6. Standard Statistics of the coefficient m 
and Constant n for All Streams in the Equation 
where : 
Y = W, A, D, Q l o o  , SS, 1, and DA 
U = Stream order 
Variable Mean 0 0 
S t a t i s t i c s  for m 
W 0.52 
S t a t i s t i c s  for n 
W 5.87 
A 7.82 
D ' 2.09 
Q1oo  5.54 
SS -0.014 
I 2.72 
D A -1.44 
values over a wider margin. The skewness coefficient Cs is a descriptor of 1 
asymmetry of a distribution. The value of Cs = 0 indicates presence of a 
symmetrical distribution. The Kurtosis coefficient K measures the flatness- 
or the peakedness of a distribution. A sharp peak in the distribution is 
associated with a value of K close to zero. 
On the other hand, the numerical value of K close to infinity is asso- 
ciated with a very flat distribution. The Kurtosis coefficient K for a nor- / 
ma1 distribution is 3 and it is sometimes subtracted from K to give an excess 
coefficient of a distribution relative to the normal distribution. Whenever 
K - 3  is negative, the distribution is implied to have a sharper peak compared 1 
with a normal distribution. 
In table 5 for the coefficient m, the values of u2 for all the parameters 
are very small and the values of K-3 are all negative. This indicates that 1 
the numerical values of the coefficient m are not too far away from a central 
value and, at the same time, the distribution of m from various river basins 
has a sharp peak compared with a normal distribution. The skewness coefficient 
Cs indicates that the distribution of m for DA is very close to a symmetrical 
distribution. On the other hand, the distributions of rnpfor W, A, D, Q l o o  , 
and Ss are skewed to the right and for I it is skewed to the left. 1 I 
These statistics for the coefficient m for the nine Illinois streams in- 
dicate that the variability of m among various river basins within the state 
is not very significant. Also, the numerical values of the coefficient m for 
all the parameters have a central tendency, i.e., a majority of them tends to 
cluster around a central value. This indicates that it may be possible to 
derive a mean value of m for the whole state of Illinois which can be used to 
determine various hydraulic and geometric parameters of floodplains within the 
state. 
Table 5 also shows the standard statistics for the intercept n in equa- 
tion 6. It appears that both the standard deviation 5 and variance o2 are 
somewhat higher in magnitude compared with these values for the coefficient m. 
The distributions of n values are also skewed with the coefficient of skew- 
ness being both positive and negative, i.e., with long tails to the right 
and to the left, respectively. Excess Kurtosis coefficients of negative 
value indicate the presence of a distribution with a higher peak than the 
normal distribution. On the basis of the values of 5 and o2 for n, it ap- 
pears that a single intercept value (n) for all the streams in Illinois may 
not be feasible. The regression lines may be somewhat parallel to each other, 
but they all have different intercept values. This indicates that the rates 
of change of different parameters with stream order are approximately the 
same, but the regression equations have different base values. 
Table 6 shows the standard statistics of m for all the river basins that 
' were analyzed for the present investigation. Here the values of variance 5 2 
are again very small. For most of the parameters, the values of C show q;ite 
S 
a bit of decrease. The numerical values of K - 3, the excess Kurtosis coef- 
ficient, are all negative. Thus the distributions of m are farther away from 
a normal distribution although the peakedness has increased with the addition 
of the out of state streams. This indicates that it may also be possible to 
develop a single coefficient of m for all the river basins that have been 
analyzed. 
Table 6 shows the standard statistics for the intercept n in equation 6 
for all the streams that have been analyzed. Here, as in table 5, the nu- 
merical values of 5 and o2 are very high, The distributions of n correspond- 
ing to all the parameters are skewed (Cs # 0) and they have sharper peaks 
than the normal distribution, (K- 3) <O. Thus it appears that lumping all 
the river basins from throughout the united States with the nine river basins 
from Illinois did not improve their predictability in obtaining a central 
value for the intercept n in equation 6. The rate of change of the natural 
logarithms of all the parameters with stream order is similar to a certain 
extent, but the numerical values of these parameters for each streqm order 
for different streams are not the same, 
Relationships between Hydraulic Geometries 
of Streams and Floodplains 
The nine river basins in Illinois and the four out of state basins that 
were analyzed to determine the hydraulic geometry relationships for the flood- 
plains in the present investigation were also analyzed by Stall and Fok (1968), 
and Stall and Yang (1970) to determine the hydraulic geometry relationships 
for the main streams. It was thought that it would be interesting and infor- 
mative to analyze the rates of change of the hydraulic geometry parameters 
of both the floodplains and the streams as one moves from a lower order stream 
to a higher order stream, i.e., moving in the downstream direction. 
These and some other results related to incision, hypsometric curves, and 
low flow have been presented by Bhomik (1979) at the 1979 Midwest Conference 
of the American Geophysical Union. 
Analyses were made to investigate the relative rates of change of 
three hydraulic geometry parameters for nine Illinois river basins. These 
parameters are: average width W, average cross-sectional area A, and average 
depth D. Figure 95 shows the regression lines that were developed. In gen- 
eral, the width ratio decreases with an increasing stream order. However, 
the rates of reduction of the width ratios in the downstream direction for 
the Kankakee, Little Wabash, Kaskaskia, and Sangamon Rivers are smaller than 
those associated with the other river basins. 
Figure 96 shows the relative variation of the ratios of the cross-sec- 
tional areas with stream order for the nine river basins. Here again the 
ratio of the cross-sectional areas decreases with increasing stream order. 
The rates of decrease of the cross-sectional area ratios for the Kankakee, 
Sangamon, and Little Wabash Rivers are comparatively smaller than those 
associated with the other river basins. Except for the regression lines for 
these three rivers, the remaining regression lines are more or less parallel 
to each other. Similar types of variation were also observed for the depth 
ratios. 
These plots show that the rates of increase of the floodplain hydraulic 
geometry parameters W, A, and D in the downstream direction are relatively 
smaller than the rates of increase of these same parameters in the downstream 
direction for the streams at bankfull discharges. Thus the hydraulic geom- 
etries of the streams increase at a faster rate in the downstream direction 
compared with the increase in the floodplain hydraulic geometries. This is 
true despite the fact that the channel-forming discharge at each location 
is constant (Stall and Fok, 1968). The channel-forming discharge is assumed 
to have a flow frequency of 10 percent which means that for only 10 percent 
of the time the discharge will either equal or exceed this value. 
Again, a comparison between figures 95 and 96 will show that the rates 
of decrease of the ratio of the cross-sectional areas with stream order are 
much steeper than those associated with the width ratios. Thus in terms of 
relative magnitudes, it appears that in the downstream direction the river 
is increasing its floodplain widths at a much faster rate than it increases 
its cross-sectional areas. These observations should be an important con- 
sideration to hydraulic engineers concerned with the propagation of floods 
and flood waves in the downstream direction of the river channel. The be- 
havior of the flood peaks and stages in the downstream direction for any 
flood should be different depending upon whether the floodplain and the river 
are getting wider and shallower or deeper and more incised. 
Figure 95. Re?.ationship betueen the ratzo  of  the widths o f  the  f200dpZains 
and the streams wi th  the stream order 
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Geologically it is also possible that most of the discharge in a highly 
incised river occurs as surface runoff thus helping to erode the strew cham 
nel and increasing its trenching magnitude. All conditions being equal, the 
higher incision will be associated with higher drainage density and probably 
lower sinuosity. It is also probable that, although the highly incised river 
may have most of its flow as surface runoff, it may also have a sustained 
yield of low flows due to groundwater inflows from its high banks. If the 
geologic conditions permit, the high banks may store surface runoff which 
will be released to the stream for a longer period of time. If this is true, 
then it may be possible to test this hypothesis by analyzing dimensionless 
flow duration curves for different river basins having significantly differ- 
ent magnitudes of incision. 
Figure 97 shows plots of incision versus stream order for nine river 
basins in Illinois. In numerical magnitude, the Rock River has the hlghest 
incision among these nine river basins. The Spoon River is also another rel- 
atively highly incised river in Illinois. Among all the rivers, the Kankakee 
River happens to be the one with a relatively low incision. However, it is 
also true that in the upper parts of the Kankakee River, the floodplains are 
relatively flat and consisted mainly of swamp before it was converted to farm 
land. Thus, it is probable that the Kankakee River may have a sustained low 
flow because of its topographic features and permeable bedrock. 
Figure 98 shows some dimensionless plots of flow duration curves for 
three gaging stations from two river basins. Here the daily average flows 
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Figure. 99. Genera2 hypsometric curves ( a f t e r  StrahZer, 1954)  
flows for almost 99.9 percent of the time. This clearly demonstrates that 
in terms of relative magnitude, the Rock River has more sustained low flows 
than does the Sangamon River. This observation correlates well with the 
previous postulation that a highly incised river may contribute more toward 
a higher low flow for a longer period of time. 
Hypsometric Relationships 
The hypsometric analysis, also called the relation of horizontal cross- 
sectional drainage basin area to its elevation, can be used to study the 
amount of material that is yet to be removed from the basin. Langbein et al. 
(1947) have developed a dimensionless form of the hypsometric curve that is 
used at present to study the geomorphic changes in a drainage basin. Strahler 
(1957) has shown how a study of the dimensionless form of the hypsometric 
curve can tell us about the present state of drainage development in a river 
basin. 
Figure 99 shows three dimensionless hypsometric curves for three hypo- 
thetical river basins. The ordinate shows the ratio of the vertical height 
of any specific elevation from the lowest bed elevation of the river ,basin h 
to the total drop of the river basin from the basin divide H. The basin 
divide is taken at the most upstream point in the watershed where the runoff 
just starts to flow toward the specified river basin. The abcissa shows the 
ratio of the drainage area, da, at the specified elevation to the total drain- 
age area of the river DA. Here da is the drainage area of the river basin 
above the elevation h. Thus a ratio of h/H of 0.2 indicates an elevation in 
the basin where only 20 percent of the total drop of the river lies below 
this elevation. 
The three curves shown in figure 99 were originally given by Strahler 
(1957). He has postulated that whenever the dimensionless hypsometric curve 
follows a curve similar to curve (a), the river is in the young stages of 
development, i.e., most of the drainage area is in the upper reaches of the 
river and the river has not yet eroded its watershed any significant amount. 
Thus for curve (a) in figure 99, when h/H = 0.2, the da/DA = 0.98, that 
is, about 98 percent of the drainage area is above an elevation which is 
20 percent higher than the lowest point at the mouth of the river. 
Curve (b) in figure 99 indicates the relative distribution of the drain- 
age area with respect to the elevation for a typical mature river basin. The 
curve approximately follows a 45 degree line in this dimensionless plot. This 
shows that the rate of drop of the elevation of the watershed is almost iden- 
tical to the rate of variation of the drainage area. Thus at a point with a 
50 percent drop in the altitude, the drainage area above and below this point 
is also approximately 50 percent of the total area. This shows that the ero- 
sion rate in the river basin is more or less following the rate of change in 
the watershed area. 
Curve (c) in figure 99 indicates the approximate variation of drainage 
area with elevation of a river basin which is in a btonadnock stage of devel- 
opment. This means that only the hills and mountains of resistant rocks sur- 
rounding a peneplain exist at the present time in the river basin. In the 
main river basin, only the hard rocks are in place and the river is passing* 
through the final phases of its life span. 
This type of comparative study can provide considerable information for 
any river basin. Kowall (1976) has indicated that good correlation existed 
between the low flows of some Appalachian streams and the types of dimension- 
less hypsometric curves of river basins draining sandstone-siltstone-shale 
terrains. It was implied that the baseflow or the low flows in the stream 
increases for streams with a hypsometric curve similar to (a) in figure 99. 
Scheidegger (1963) has indicated that the hypsometric analysis can give us 
some clue as to the rate of change of crustal undulations. Schumm (1956) 
has indicated that the shape of the hypsometric curves for streams in Bad- 
lands at Perth amboy can be used to study the relative movement of the point 
of maximum erosion in the drainage basin. 
For the present study, dimensionless hypsometric curves for the nine 
river basins in Illinois were developed. These curves are shown in figure 
100. A comparison between this figure and figure 99 reveals that many of 
the nine river basins are in an equilibrium or mature stage of development. 
The only exceptions are the Big Muddy and the Little Wabash Rivers. 
These two rivers, and especially the Big Muddy River, are in the Monad- 
nock stages of development. This indicates that the river basin has already 
passed through the mature stages of development and is now in its advanced 
stage of life. The advanced stage of development associated with the accel- 
erated erosion of the watershed may have resulted from the relative geograph- 
ical locations of these two river basins within the state. Both river basins 
are located in the southern part of the state which was not heavily glaciated 
and this may be a contributing factor in the increased rate of erosion of the 
watershed area. 
The shape of the hypsometric curve for the Rock River (figure 100) indi- 
cates that the point of maximum erosion in the watershed in this basin is 
now at a relative altitude of about 38 percent. On the other hand, the shape 
of the hypsometric curve for the Kankakee River indicates that either the 
lower part of the river is still in its young stages of development and a 
considerable amount of watershed-erosion can be expected before the river 
attains its mature stages of development, or some other constraints are pre- 
venting the river from being fully developed. The presence of rock bottom 
and sides near the lower reaches of the river is preventing it from eroding 
its bed and bank. 
Since these nine river basins cover almost all geographical areas of 
Illinois (figure 4) it is quite reasonable to expect that the hypsometric 
curves for the other river basins in Illinois should also fall within the 
limits shown by the Ernbarras and Big Muddy Rivers (figure 100). 
Variability of Floodplain 
Cross-Sectional Areas 
The theory of hydraulic geometry relationships postulates that with an 
increase in stream order, the hydraulic geometry parameters such as W, D, A, 
and V also increase. In general, this was found to be true for all the river 
basins analyzed in the present investigation. However, in the downstream di- 
rection along the main stem of the river channel, the rate and the type of 
increase of the hydraulic geometry parameter cross-sectional area A are not 
uniform. Some fluctuations are noted and it appears that these localized 
variations may affect the hydraulic character of the floodplain, especially 
during the propagation of flood waves in the river. Some of these variabil- 
ities may be related to the geomorphological character of the river basin. 
The floodplain cross-sectional areas along the main stem of five rivers 
in Illinois were analyzed to investigate the variability and the changes of 
this parameter in the downstream direction. The location of the individual 
cross-sectional area along the main stem of each river was made dimensionless 
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Figure 100. Dimensionless hypsornetric curves for nine 
r iver  basins i n  I l l i n o i s  
by dividing its distance from the basin divide by the total length of the 
main stem of the river. Similarly, the floodplain cross-sectional area at 
any specific location along the main stem of the river was made dimensionless 
by dividing this cross-sectional area by the maximum floodplain cross-sectional 
area along the main stem of the river. These two dimensionless parameters were 
used to develop a relationship between the floodplain cross-sectional area and 
its relative position along the main stem of the river. Figures 101, 102, and 
103 show these relationships for the five basins. In all of these plots, a 
dimensionless length ratio of unity is the location of the mouth of the river. 
! Figure 101 shows the plotted points and the least square fitted curve 
for the Sangamon and the Embarras Rivers. In all of these analyses, polyno- 
mials of second through sixth order were fitted by the least square method. 
to find the best fitted curve corresponding to the plotted points. If the 
improvement of the fitted curve for different order polynomials is measured 
by the sum of the squares of the deviations from the fitted curve of all the 
points, the goodness of fit increases with increasing order of polynomials. 
Figure 101. Variation o f  f ZoodplaZn cross-sectional areas along the  
main stems of  the Sangamon and Embarras Rivers 
Figure 102. Variation o,f the floodplain cross-sectional areas along the 
main stems o f  the Spoon and Kaskaskia Rivers 
STREAM ORDER 
3 4 5 1 6  , 7  
I 
1 . 0 -  
L I T T L E  WABASH R I V E R  
DIMENSIONLESS STREAM LENGTH FROM THE B A S I N  D I V I D E  
Figure 20.3. Variation of fZoodpZain cross-sectional areas along the  
main stem o f  the L i t t l e  Wabash River 
The best fit was obtained with the sixth order polynomials. However, the im- 
provement in fit for fourth, fifth, or sixth order polynomials over the third 
order polynomials is significantly reduced compared with the improvement of 
the third order polynomials over the first and second order polynomials. This 
observation was found to be true for all five river basins. 
The hypsometric relationships for the Sangamon and Embarras Rivers shown 
in figure 100 are somewhat similar. Figures 97, 99, and 100 show that both 
rivers are in the equilibrium stages of development and that the incisions 
are near the middle ranges compared with other river basins in Illinois. The 
average floodplain cross-sectional areas show a definite increase with increas- 
ing stream order. There is a sinusoidal variation of the cross-sectional areas 
in the lower order stretches of the river, i-e., in the upstream part of the 
river. 
A somev~hat different type of variation of the floodplain cross-sectional 
areas along the main stems of the Spoon and the Kaskaskia Rivers are shown in 
figure 102. For both of these river basins, the floodplain cross-sectional 
areas are maximum at a location about 70 percent downstream from the basin 
divide. Near the mouth of the river, the fitted curves for both rivers show 
a decrease in the value of the relative cross-sectional areas. The Spoon Riv- 
er is in the equilibrium stages of development (figures 99 and 1001, whereas 
the Kaskaskia River is possibly passing through an advanced equilibrium stage 
of development. On the other hand, the Spoon River is relatively incised 
compared with the Kaskaskia River (figure 97). 
The relationship between the dimensionless cross-sectional area and the 
dimensionless length for the Little Wabash River is shown in figure 103. The 
variation of the fitted curve for the third order polynomials is somewhat dif- 
ferent from the plots shown in figures 101 and 102. The Little Wabash River 
is close to the Monadnock stages of development (figures 99 and 100) and is 
not highly incised (figure 97). All the equations fitted with third order 
polynomials are shown in table 7. 
The three figures discussed on the previous pages for five river basins 
in Illinois have one thing in common. All of them indicate that, although 
in general the floodplain cross-sectional areas increase in the downstream 
direction, this increase is not uniform and some local variations can be ex- 
pected. These types of localized variations may in fact effectively change 
the character and the nature of flood peaks and flood hydrographs that pass 
along the river. The locations of the reduced floodplain cross-sectional - 
areas in the downstream reaches of the river may act as a constriction for 
the flood flow in the upstream reaches and as an expansion for the flood flow 
in the downstream reaches. Although not yet established, it is suspected that 
the estimation of the magnitude of flood flows for specific return periods at 
different reaches of the river may be directly related to the variability of 
the floodplain cross-sectional areas along the stem of the river. 
Table 7. Relations between the Dimensionless Floodplain Area 
and Dimensionless Stream Length 
where : 
Y1 = Dimensionless floodplain cross-sectional area 
X = Dimensionless stream length from the basin divide 
Co, C1, C2, and C3 are coefficients 
Name 
of stream 
Sangamon -0.101 1.858 -4.595 3.520 
Spoon 0.046 0.300 2.354 -2.438 
Little Wabash 0.133 -1.959 6.287 -4.171 
Kaskaskia -0.030 0.474 1.640 -1.838 
Ernbarras -0.013 0.784 -2.829 2.978 
One-Hundred Year Discharges, Q l o o  
The 100-year d ischarges  f o r  a l l  t h e  streams f o r  each s tream o rde r  were 
determined and have been used i n  t h e  ana lyses  of t h e  hydraul ic  geometry pa- 
rameters of t he  f loodpla ins .  ~t presen t  i n  var ious  p a r t s  of  t h e  na t ion ,  flood- 
p l a i n s  a r e  being regula ted  f o r  a f lood having the  expected r e t u r n  per iod  of 
100 years .  I t  is  thought t h a t  some of  t h e  r e s u l t s  obtained f o r  t h e  s t a t e  of 
I l l i n o i s  may be of value t o  p r a c t i c i n g  engineers  i n  o t h e r  a r e a s  and these  re -  
s u l t s  a r e  presented  i n  t h i s  s ec t ion .  
Illinois Streams 
The 100-year d ischarges  f o r  I l l i n o i s  streams were determined by t h e  re- 
g ional  equat ion developed by t h e  U. S. Geological Survey f o r  t h e  s t a t e  of 
I l l i n o i s  (Cur t i s ,  1977).  The equat ion was developed by mul t ip le- regress ion  
a n a l y s i s  between drainage bas in  c h a r a c t e r i s t i c s  and t h e  100-year discharges 
a t  gaging s t a t i o n s .  The 100-year d ischarges  f o r  t h e  gaging s t a t i o n s  were 
determined by t h e  log-Pearson Type I11 method. S t a t i o n s  with l e s s  than 10 
years  of record and those  a f f e c t e d  by man-made s t r u c t u r e s  were excluded from 
the  r eg res s ion  ana lys i s .  The r eg iona l  equat ion f o r  I l l i n o i s  streams is given 
by equat ion 7. 
Q l o o  = 152 X ( D ~ ) ~ . ~ ~ ~  0 . 5 1 5  (IR - 2.5) 0.836 X Rf (7)  
where DA i s  t h e  drainage a r e a  i n  square mi les ,  S is  t h e  main-channel s lope  i n  
f e e t  p e r  mi le ,  IR i s  t h e  r a i n f a l l  i n t e n s i t y  index ( t h e  2-year, 24-hour r a i n f a l l  
i n  i n c h e s ) ,  and Rf i s  t h e  reg ional  f a c t o r .  The s tandard  e r r o r  of es t imate  of 
equat ion 7 is  42.8 percent .  
The drainage a r e a s  were determined by planimetering t h e  marked drainage 
a r e a s  e i t h e r  from 15 minute o r  7* minute topographic maps. The main channel 
s lopes  were measured on t h e  same maps a s  fol lows.  The t o t a l  length  of t h e  
main channel from t h e  p o i n t  where t h e  100-year d ischarge  i s  needed t o  t h e  . 
drainage d iv ide  was f i r s t  measured by fol lowing the  s tream branches with 
g r e a t e r  drainage a rea .  The e l eva t ions  of t h e  stream a t  10 and 85 percent  
of t he  t o t a l  channel lengths  upstream of  t h e  designated s i t e  were then de- 
termined from t h e  topographic maps. The s lope  was then ca l cu la t ed  by divid-  
ing t h e  e l eva t ion  d i f f e r e n c e  between t h e  85 and 10 pe rcen t  l oca t ions  by t h e  
length  of  t h e  channel between these  two po in t s .  
The r a i n f a l l  i n t e n s i t y  index IR was determined from a map given by C u r t i s  
(1977) showing l i n e s  of equal  2-year, 24-hour r a i n f a l l  i n  inches f o r  t h e  s t a t e  
of I l l i n o i s .  The r eg iona l  f a c t o r  Rf was a l s o  determined following the  proce- 
dure given by C u r t i s  (1977). 
Appendix A shows t h e  100-year d ischarges  o r  Q l o o  a t  var ious  loca t ions  f o r  
s i x  I l l i n o i s  streams. The 100-year d ischarges  were a l s o  determined f o r  t he  
Rock and Kankakee Rivers  but  they a r e  not  shown here .  These maps, shown f o r  
the  Big Muddy, Kaskaskia, L i t t l e  Wabash, Embarras, Sangamon, and Spoon Rivers ,  
cover almost the  whole geographical  a r e a  of t he  s t a t e .  
Out o f  S ta te  Streams 
In the determination of 100-year discharges for out of state streams, 
the manual and/or procedure outlined by the U. S. Geological Survey for that 
particular stream was utilized. For the White River in Indiana and that por- 
tion of the Kankakee River that lies in Indiana, the procedure suggested by 
Davis (1975) was utilized. The methodology suggested by Hannum (1976) was 
used to estimate Q l o o  for the Big Sandy River, and for the Susquehanna River 
the methodology given by the U. S. Geological Survey (1977) was used. The 
100-year discharges for the Neches River were estimated following the proce- 
dure given by Schroeder and Massey (1977). The Rock River extends quite a 
distance into Wisconsin, and the 100-year discharges for this portion of the 
Rock River were estimated following the procedure given by Conger (1976). 
Distribution of Some Hydraulic Geometry 
Parameters for the Embarras River 
A study was performed to test whether or not some hydraulic geometry 
parameters, especially those parameters directly related to the bends in a 
river, can be analyzed statistically. Some of these results have already 
been presented at the 1977 Spring Annual Meeting of the American Geophysical 
Union by Bhowmik and Stall (1977). 
Many investiqators have shown that the hydraulic and geomorphologic 
parameters of streams and rivers follow some statistical distribution. Fer- 
guson (1977) has indicated that the meander patterns in any natural stream 
are a random phenomenon. Flint (1976) has shown that the link slope distri- 
bution in channel networks can be expressed by normal or log-normal distri- 
butions. Shreve (1974), in one of his many treatises on statistical proper- 
ties of streams, stream lengths, etc., has pointed out that the mainstream 
lengths in river networks vary statistically jn proportion to basin area 
raised'to some power. Similarly, Smart (1968) has postulated that both the 
interior and exterior 'link lengths' vary statistically and follow a speci- 
fied statistical distribution. Leopold and Langbein (1962) used a random 
walk model to define the stream gradients. There are numerous other research- 
ers who have shown the statistical variability of streams and have tried to 
explain the complex subject of the development of the stream network by using 
accepted statistical analysis. 
The river basin selected for the present study was the Embarras River 
(figure 4). Detailed hydraulic geometry data for the main stem of this river 
are available in usable form. The Illinois Division of Water Resources made 
an extensive field survey of this river basin and collected more than 1000 
pieces of cross-sectional data. These data and the plan view with 2-foot 
contour lines of the 202-mile main stem of the river were used for the pres- 
ent study. 
The hydraulic and geometric data that were used were all from the bends 
in the river. These data included the radius of curvature r, the central 
5 0  
EMBARRAS R I V E R  
1 
2 3 4 5 6 
STREAM ORDER 
Figure 104. ReZationship between the number of  bends and stream order 
'for the Embarras River 
angle or deflection angle A in degrees, the average top width, and the maxi- 
mum depth. All these parameters were made dimensionless by using the mean 
value of the parameters. 
When the number of bends per river mile for each order of the stream 
were plotted against the stream order, a relationship similar to equation 6 
was found to be valid. This relationship and the regression equation are 
shown in figure 104. It is obvious that the number of bends per river mile 
decreased with increasing stream order. On the other hand, when the average 
deflection angles or central angles of all the bends from each order of stream 
were plotted against the stream order, they indicated an upward trend as the 
stream order increased. This rel.ationship and the regression equation are 
shown in figure 105. A similar trend was also found to be present for the 
radius of curvature of the bends. These relationships indicate that although 
the number of bends per river mile decrease in the downstream direction, the 
deflection angles or the central angles of the bends and the radius of curva- 
ture increase in magnitude. In other words, the bends are sharper near the 
downstream reaches of the river although their numbers are fewer. 
The maximum depths in the bends showed an increase with an increasing 
stream order and a relationship similar to equation 6 was also found to be 
valid. 
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It was found that the log-normal distributions with two parameters fit- 
ted the nondimensional plots of central angles, the radius of curvature, and 
the length of the bends per degree of curvature for each order of streams. 
The goodness of fit was tested with the x2 test for each variable. Figure 
106 shows the distributions of the radius of curvature for stream orders of 
three and higher. The fit was exceptionally good. The coefficient of vari- 
ation decreased as the stream order increased indicating a reduction in the 
spread of this variable with a higher stream order. About 73 to 64 percent 
of the r's are smaller than the mean value as the stream order changes from 
third to sixth. Similarly, about 58 percent of the central angles were smal- 
ler than the mean value for all stream orders. 
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The analysis presented so far indicates that the distribution of bends 
in natural rivers can be expressed by standard statistical distributions. 
The radius of curvature, central angles, and length of the bend per unit de- 
flection angle fitted a log-normal distribution with stream order as a third 
variable. Geometrical parameters of the bends also correlated well with the 
stream order. 
2 3 4 5 6 
STREAM ORDER 
Application of the Hydraulic 
Geometry Relationships 
The hydraulic geometry relationships and the generalized analyses that 
have been presented so far can be applied for actual field conditions in con- 
nection with hydraulic and hydrologic analyses of floodplains. Data from 
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Figure 106. Probability o f  occurrence o f  the dimensionless radius 
of curvature o f  the Embarras River 
nine river basins in Illinois and four river basins from outside the state 
have been analyzed. Generalized relationships for the state of Illinois have 
also been developed. These analyses should form a broad base for the eventual 
application of the hydraulic geometry relationships. Some of the specific 
applications of the developed relationships are outlined below. 
1) Determination of the Hydraulic Geometry Parameters of the Floodplains 
The hydraulic geometry parameters of the floodplains such as 
width W, depth D, and cross-sectional area A at any location along 
the river for any one of the river basins for which analyses have 
been made can be determined from a knowledge of the drainage area 
DA or the stream order U of the particular stream. For example, 
in the case of the Sangamon River, the W, D, and A at any location 
can be computed with figures 33, 34, and 35. The stream order or 
the drainage area at any location must be determined from the topo- 
graphic maps. 
2) Estimation of Floodprone Areas 
To estimate the floodprone areas along any stream or river, hy- 
draulic parameters such as W, Dl and A are needed. These parameters 
can easily be estimated from the relationships developed in this re- 
search project. All the parameters should be estimated every few 
hundred feet alonq the stream. The only variable that must be pre- 
determined is the drainaqe area at each location. With these data, 
a generalized and qualitative floodprone area map for each stream 
can easily be developed. As a first estimation, this type of map 
should be very useful. 
3) Dispersion Studies in an Open Channel 
The transport of pollutants and their dispersion characteristics 
in streams and rivers are becoming more and more valuable with our in- 
creased awareness about the environment in which we live. Many theo- 
retical models are available to determine the dispersion characteris- 
tics in straight fixed bed channels. However, in order to modify 
these relationships for natural channels, some basic data such as 
the type and nature of the bends and the sinuous characteristics 
of the river must be known. The relationship developed between the 
sinuosity Ss and the stream order U or drainage area DA can easily 
be correlated with stream characteristics to determine the disper- 
sion characteristics in natural rivers. When the flow is confined 
within the banks, the hydraulic geometry parameters can be estimated 
following Lcopold and Maddock (1953) or Stall and Fok (1968) or Stall 
and Yanq (1970). However, if the dispersion characteristics are to 
be determined during flood stages, the hydraulic geometry parameters 
can be estimated on the basis of the work completed in this research 
investigation. 
4) Potential of Bank Erosion and Secondary Circulation in Streams 
Recently completed studies by Bhowmik (1979) and Bhowmik and 
Schicht (1979) have shown that the type and nature of the bends 
affect the bank erosion potential of the stream. With an increased 
sharpness of the bends, the potential of bank erosion, especially 
outside of the bends, increases. The secondary circulation is also 
related to the characteristics of the bends. Increase in the value 
of Ss is associated with a hiyhly meanderinq stream. If the bank 
materials are erodible, hiqher values of Ss indicate that the stream 
may attack its banks and bank erosion may be a problem. The rela- 
tionships developed between Ss and U or Ss and DA (tables 1, 2, 3, 
and 4) will be quite helpful in this respect. 
5) Low Flow Characteristics of Streams 
It was postulated that it is reasonable to suspect the presence 
of a relatively larger low flow in highly incised rivers. Correla- 
tions developed between incision I and stream order U or drainage 
area DA should be of value in studying the probable effects of flood- 
plain geometry on the low flow characteristics of the streams. 
These are some of the applications of the hydraulic geometry relation- 
ships developed in the present research investigation. There are, of course, 
many other applications in which the hydraulic geometry relationships, the 
sinuosity, and the incision of the streams can be utilized. Geomorphologically, 
the river basins analyzed in the present investigation vary anywhere from 
mature to advanced stages of development (figures 99 and 100). Thus the 
correlations developed should also be valid for a wide range of streams 
under different physioaraphic conditions within the country. 
BACKGROUND 
Federal, state, and local governments are very concerned about the reg- 
ulation of floodplains of streams and rivers. Because floodplains of rivers 
are the most productive land and a very desirable location for building dwel- 
lings, factories, and other structures, man generally will try to use this 
land to the fullest extent. However, floodplains being what they are, i.e., 
a conveyance channel for flood water, the river will occasionally flood its 
floodplains and destroy properties on its way. This destruction may run in 
the millions of dollars. It was estimated that the federal government has 
invested over 9 billion dollars in flood control projects since 1936 (Outdoor 
Recreation Action, 1976). State and local governments must also have spent 
additional millions or billions of dollars in flood control or protection 
works. In order to alleviate the suffering of the people, various govern- 
ment agencies are at present trying to regulate the floodplains by control- 
ling growth and development in the floodplains. From an engineering point 
of view, before any regulating ordinances can be promulgated, one must es- 
timate a specific flood of some specified frequency, say a 100-year flood, 
measure the cross-sectional areas of the channel and the floodplain, 
estimate a roughness coefficient, and then compute the 100-year flood ele- 
vation in the composite section. A number of mathematical models are avail- 
able to compute the flood elevation once the other hydraulic and geometric 
parameters are estimated or known. 
Sometimes the estimation of a flood elevation for an anticipated flood 
flow can be difficult because of different man-made restraints. Belt (1975) 
has pointed out that the 1973 flood in the Mississippi River had stages 
equivalent to a 200-year return period flood stage. However, the recurrence 
interval of this flood was only 30 years. Man-made obstructions were respon- 
sible for this increased flood stage. 
One of the well known and widely used flood flow computation programs 
now available is the HEC-2 program. This is a computer program developed 
by the Hydrologic Engineering Center of the U. S. Army Corps of Engineers 
at Davis, California (U. S. Army Corps of Engineers, 1975). This program 
utilizes a standard step method and Manning's equation to estimate the flood 
elevation along the length of the channel. The main channel and the flood- 
plain is subdivided and different roughness coefficients are assumed for 
these two subsections. However, in the computation of the flood elevation, 
it is assumed that the water surface elevation is always the same in the 
composite section. At present this is the program that is almost universally 
used to estimate the flood elevation in any stream or river. 
There are other theoretical and practical approaches developed by various 
researchers to investigate the flood flow in a composite channel. The hydraul- 
ics of flow in a laboratory meandering channel with floodplains was studied by 
Toebes and Sooky (1966). They have indicated that the patterns of secondary 
currents and the zones of bank and bed erosion in a stream are different during 
a flood flow from those present during the in-bank flow. Yen, Comer, and 
Holtan (1973) have shown that the routing of a flood in a channel with a 
floodplain can be done by subdividing the channel-floodplain into three tubes, 
representing the main channel and the two floodplains. Exchange of mass and 
momentum transfer were allowed between these tubes. Maintenance of a level 
water surface across each section in the channel was not needed in their pro- 
gram. Zivert and Khelmanis (1973) have developed a mathematical model for 
routing a flood in a channel where bank'storage and installed regulating de- 
vices in the floodplains were considered. Tingsanchali and Ackermann (1976) 
have developed a set of continuity and momentum equations to describe the 
flow conditions in the main channel and in the floodplains. The floodplains 
were assumed to be effective in storing and carrying the flood flow. The ap- 
plication of their methodology was shown to be valid in a river basin in the 
Philippines. 
This short review indicates that a number of theoretical and/or mathe- 
matical formulations are now available for routing flood flow in a channel. 
Natural channels are irregular, their configurations are complex, and . 
changing these real life situations into simple approximations to fit exist- 
ing flood routing methodology will result in serious errors. It is also true 
that a universal flood routing procedure that will be applicable for all real 
and practical conditions may never be developed. However, actual field meas- 
urements during floods in natural channels may shed some light as to the phys- 
ical capabiLity of the stream and the floodplains to carry the flood flow. 
The shape, size, gradient, and other geometrical parameters of two streams 
and their floodplains may be the same, but because of their physiographic and 
geographic locations, the flood flow carried by the stream and the floodplains 
for the two streams may be completely different. Moreover, the seasonal varia- 
tions in vegetation may also have a profound effect on the carrying capability 
of the same floodplain. ' 
Figure 107a shows a typical floodplain in its ideal condition, i-e., no 
vegetation, well proportioned, and symmetrical. However, in a prairie state 
like Illinois, the typical floodplain of a river in February-March may look 
like figure 107b. In June and July, when corn and soybeans are at their peaks, 
the variety of vegetation is well developed, the floodplain will be almost 
choked, and it may look like figure 107c. The same floodplain in October-Nov- 
ember may look like figure 107d. Thus, if a flood of say a 7-year frequency 
passes through this typical channel, the carrying capacity of the floodplain 
will not be the same depending upon whether the flood is occurring for the 
ideal case or during early spring, summer, or late fall. Presumably the 
variations in a drier climate or under tropical conditions may be different, 
but the crop or vegetation will have a profound effect on the carrying capa- 
city of the floodplains. Moreover, the carrying capacity of the same flood- 
plain may be different during rising or falling stages of the flood hydrograph. 
During the initial stages of flood flow, the vegetation in the floodplain may 
be flattened making the floodplain a nice, smooth channel and consequently in- 
creasing its carrying capacity during the later part of the same flood wave. 

It is also not known whether a particular floodplain acts as a storage 
reservoir or really carries the flood flow. The interaction of the flood- 
plain and the main channel, i.e., whether or not the water is flowing back 
and forth between the floodplain and the main channel is also not thoroughly 
understood. These factors make the routing of flood through the floodplain 
a complicated exercise (~arishnikov et al., 1971; Zheleznyakov, 1971; Yen and 
Overton, 19731 . 
An engineer engaged in floodplain management must and should consider 
these facts before an actual flood elevation is determined and the floodplain 
is regulated. Data on actual flood flow are very hard to come by because us- 
ually the flood passes at a time when no one is around to measure the flood 
flow. 
This part of the report presents some of the field data that show the 
division of the flow between the main channel and the floodplain. In the 
absence of a reliable theoretical model, it was thought that such actual field 
data should be of some help to better understand the flow distribution in a 
composite section. 
DATA AND ANALYSIS 
At the beginning of the present investigation, it was planned to collect 
field data from three segments of two rivers during the actual passage of a 
flood. The streams were surveyed and all plans were set, but during the last 
two years no significant flood occurred in these streams and thus no field 
data could be collected. Anticipating that something like this might happen, 
contacts were made well in advance with several U. S. Geological Survey offices 
around the country to find out if any one of the offices had gaged any river 
during flood stages where the discharges were measured in the main channel and 
also in the floodplain. A trip was also made to the U. S. Geological Survey 
District office at Jackson, Mississippi, to obtain some field data collected 
by them for special projects. Other U. S. Geological Survey District offices 
that cooperated by supplying flood flow measurement data are: Champaign, Illi- 
nois; St. Paul, Minnesota; Lincoln, Nebraska; Iowa City, Iowa; Oklahoma City, 
Oklahoma; Little Rock, Arkansas; Indianapolis, Indiana; and a number of other 
offices which did not have these specialized types of data but offered to help. 
The data presented in this paper are those selected from these available 
sources. It should be remembered that the collection of these data required 
a tremendous amount of manpower and monetary outlay which is not possible for 
a financially limited research project lasting for only a year or two. 
To compute the flow in a composite section one can resort to a number of 
techniques (Chow, 1959; Posey, 1967; Yen and Overton, 1973; Zivert and Khel- 
manis, 1973; Tingsanchali and Ackermann, 1976) such as the following. 
1) Treat the entire cross section as a single unit similar to figure 
107a, and assume a single roughness value. 
2) Treat the floodplain as a storage reservoir and the main channel 
as the conveying stream, possibly true for figure 107~. 
3) Divide the floodplain and the main channel into two conveyance 
channels with uniform hydraulic properties where the roughness 
values can be different, similar to figure 107d. 
The approach that an engineer will use can be a combination of these 
approaches, or any one of these approaches with slight modifications. Some 
of the results discussed here were presented by Bhowmik and Demissie (1978) 
at the 1978 Midwest Conference of the American ~eophysical Union. 
Carrying Capacity of the Floodplains 
For the present study, the field data collected by the U. S. Geological 
Survey were used to determine the distribution of flow in the main channel 
and in the floodplain. The division between the floodplain and the main chan- 
nel was based on their geometrical shapes. Because the geometrical shapes of 
the floodplain and the channel vary widely, this division was sometimes ar- 
bitrary. 
Basic data from two streams in Illinois were available for a wide range 
of flow conditions. Figures 108, 109, and 110 show the measured flow distri- 
bution in Salt Creek near Greenview in Illinois. This gaging station is op- 
erated by the U. S. Geological Survey. The data shown here were collected 
from 1961 to 1974 and the return periods T of the flood vary from 1.5 to 35 
years. The floodplain at this location is almost symmetrical about the cen- 
terline of the stream. It appears that the flood of 1.5 years recurrence 
interval can be taken as the bankfull discharge (figure 108a). The mean an- 
nual flood which has a value of about T = 2.3 years is shown in figure 108b. 
For this particular segment of the river, there was overland flooding when 
the return period was about 2.5 years. 
Figures 108, 109, and 110 indicate that, as the recurrence period in- 
creases, the percent of flow carried by the floodplain also increases. This 
increase varies from 1 percent for T = 1.5 years to 54 percent for T = 35 
years. 
Figures 111, 112, and 113 show the flow distribution for a cross section 
of the Sangamon River near Oakford, Illinois. The drainage area is about 5000 
square miles. This cross section has an eccentric floodplain. The recurrence 
period varies from 1.7 to 9 years and the carrying capacity of the floodplain 
varies from about 3 to 35 percent of the total flow. Floods in both of these 
cross sections in the Sangamon River basin (figures 108-113) occurred in the 
months of February through July and in October which might represent a situa- 
tion similar to the ones shown in figures 107b, c, and d. Thus if the sea- 
sonal effect is neglected, it can be said that an increase in flood frequency 
is associated with an increase in the carrying capacity of the floodplains. 
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A different type of floodplain is shown in figures 114 and 115. The 
floodplain for the Minnesota River near Jordon is eccentric, the main river 
is highly incised, and the floodplain is broad and wide. As the recurrence 
period increases from 5 to 40 years, the carrying capacity of the floodplain 
increases from 39 to 73 percent. Here it is apparent that the geometrical 
shape of the composite channel played an important role in the distribution 
of the carrying capability of the floodplain and the main channel. 
Figure 116 shows a symmetric floodplain for the Tuxachanie Creek near 
Biloxi, Mississippi, for two recurrence periods of 14 and 40 years. Here the 
carrying capacity of the floodplain changed from 9 to 24 percent as the return 
period increased from 14 to 40 years. 
A completely different type of floodplain and main channel is shown in 
figure 117 for the Big Black River near Way, Mississippi. Here the floodplain 
dominates this composite cross section and the main channel is nothing but a 
discontinuity in the bottom profile of the river. Thus, even though the re- 
turn period is only 4 years, the floodplain carries about 87 percent of the 
total flow. 
Figures 108 through 117 have shown the variability in the river-floodplain 
geometry for different rivers and their effects on the carrying capability of 
the floodplains . 
Flood Freauencv 
It was shown in figures 108-117 that some broad relationship does exist 
between the flood frequency and the carrying capacity of the floodplains. 
Figure 118 shows such a relationship between the carrying capacity of the 
floodplain and the return period of the flood for four rivers in different 
geographical locations. 'The data for the Salt Creek and the Sangamon River 
in Illinois are sufficient to draw a linear relationship in this plot on 
probability graph paper. Data from the Minnesota River and the Tuxachanie 
Creek may not be sufficient to draw satisfactory linear relationships in this 
plot, but an attempt was made to draw two approximate lines to study the gen- 
eral behavior of the streams and the floodplains under different circumstances. 
When these straight lines are extended to a zero flow condition in the floodplain 
corresponding to the bankfull discharge condition in the stream, the return 
period for these flows varies from 1.1 years for the Minnesota River to 1.6 
years for the Illinois streams and up to 8 years for Tuxachanie Creek. 
Wolman and Leopold (1957) have studied the return period of overbank 
flows for three streams of diverse physiographic and hydrologic conditions. 
They found that the return period for overbank flows was usually 1 to 2 years. 
For floodplains with undefined geometry, the return period was more than 2 
years. Kilpatrick and Barnes (1964) have indicated that the return period 
for bankfull discharge increased with an increase in the gradient of the 
river. 
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'Jhe return period of the bankfull discharge may also be related to the 
hydraulic geometry of the streams. For the streams shown in figure 118, the 
width-depth ratios of the Minnesota River, Salt Creek, Sangamon River, and 
Tuxachanie Creek are respectively 12, 27, 31, and 73. Thus it appears that 
an increase in width-depth ratio is associated with an increase in the return 
period of the bankfull discharge. It must also be pointed out that physio- 
graphic and hydrologic conditions, such as whether or not the cross section 
selected is in a straight portion of the river or in a bend, will also affect 
the distribution of the carrying capacity of the floodplain and the main 
channel. 
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It has been pointed out that in the computation of flow in a composite 
channel, the whole section mav or may not be considered as a single unit with 
identical flow characteristics. For a river cross section with uniform resistance 
and ideal flow distribution, the discharge carried by the stream is usually pro- 
portional to the cross-sectional area of the stream. In order to test whether 
or not the floodplain and the stream do act as a single unit with uniform char- 
acteristics, figure 119 was developed. Here the ratio of flow area of the 
floodplain to the total flow area is plotted against the ratio of discharge 
in the floodplain to the total discharge in the composite section. If the 
characteristjcs of the whole flow area had been uniform, then all the points 
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Figure 119. Relationship between the ra t io  of the floodplain area t o  the 
to ta l  cross-sectional area and the ra t io  of the dischaz~ge i n  the floodplain 
t o  the t o ta l  discharge 
should have plotted on the 45 degree line. However, it appears that when the 
return period of the flood is low, i.e., the floodplain is flooded to a 
lesser extent,the carrying capacity of the floodplain is less than what it 
would be for a channel with uniform characteristics. This also indicates 
that a part of the floodplain area during floods of low return periods may 
act as a storage reservoir. With an increase in the return period, the flood- 
plain and the main channel start to behave as a single unit with uniform char- 
acteristics where the flow is proportional to the area flooded. It is also 
conceivable that during floods of low frequency, the roughness present in the 
floodplain will have a dominant effect in retarding the flow in the floodplain. 
Moreover, during these flow conditions, the hydraulic radius of the floodplain 
is rather small because the wetted perimeter in the floodplain is extensive. 
In fiqurc 119 the one point from the Big Black River falls close to the 
proportionality line even though the return period is only 4 years. This again 
substantiates the observation that for a river qeometry similar to this one 
(fiqure 1171, thc: whole composite sectj-on will act as a single unit in conveying 
the dd scharne. 
Velocity Distribution in thc Composite Channel 
-. 
The interaction of flow bctween the floodplain and the main channcl wa$ 
studied by several investigators (Zhelcznyakov, 1971; Karascv, 1969; Barishni- 
kov et al., 1971; Smith, 1978; Wright and Carstens, 1970; Rajaratnam and Rhm- 
adi, 1979). These investigations were conducted in either a laboratory flume 
or a natural. channel. For cases with flow only in the main channel, the vet 
locity and the dcpth of flow increased as the discharge increased (Stall and 
Fok, 1968; Leopold and Maddock, 1953). But when the channcl started to flood, 
a reduction in thc averaqe flow velocity in the main channel was observed by 
Zhelcznyakov (1971) and Barishnikov ct al, (1971). This reduced velocity re- 
sulted in a decrrascd carryinq capacity of the main channel. 
Onc of the reasons that was postulated for this decrease is the dissipa- 
tion of kinctic cnerqy due to transverse mass transfer from the floodplain to 
the main channcl. The flow in the floodpl-ain with a lower vclocity has a 
tcndcncy to hold down or reduce the high vclocity flow in the main channcl, 
whcrcas the high vclocity flow in the main channel will try to accelerate 
the slow movinq flow from the floodplain. This process of mass movement and 
the resulting momentum transfer from the floodplain to the main channcl and 
vice versa will result in a reduction of flow velocity in the main channel 
and a consequent increase of flow velocity in the floodpl.ain (Karascv, 1969). 
Moreover, the -i.rrccjularities and obstructions present bctwccn the main chant 
ncl and the floodplain will result in secondary currents and vortices which 
will furthcr dissipate the kinetic energy resulting in some decclcration of 
the flow in the main channel. 
Laboratory measurements by Rajaratnam and Ahmadi (1979) in composite chan- 
nels with floodplains showed that there was a sharp discontinuity of vclocity 
and bed shear at the edge of the main channel due to thc interaction of thc 
faster moving flow in the main channel and the slower movinq water in thc flood- 
plain. This intcraction and the associated lateral momentum transfer and energy 
dissipation resulted in a decrease of the velocity, bed shcar, and the carrying 
capacity of the main channel. tlowevcr, as the depth of the water in the flood- 
plain increased, thc effect of the interaction was gradually reduced resulting 
in a smoother transition of velocity and bed shcar from the main channel to the 
floodplai n . 
Pigurc 120 shows the relationship bctween the gagc heiqht and the average 
velocitics for the Sanqamon Rivrr near Oakford and Salt Creek near Grcenview, 
Illinois. The flow vclocities that were plotted are thc average velocities 
in the main channel, in the floodplain, and in the compositc section. A qrad- 
ual increase in the main channel flow velocity with an increase in staqe is 
present. However, when the flow starts to overtop the hank, the average vc- 
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Figure 120. Variation of  the  average ve loc i t y  i n  the  main channel, 
the floodplain and the composite cross sect ion wi th  stage 
l o c i t y  i n  the  main channel s t a r t s  t o  decrease and t h i s  t rend continues up t o  
a c e r t a i n  s t age  a f t e r  which the  ve loc i ty  shows an increase ,  the  r a t e  of which 
is  more o r  l e s s  s imi la r  t o  the  r a t e  t h a t  was present  below the  bankfull  s tages.  
In  p a r t s  a and b of f igure  100, the  average curves drawn through the  average 
ve loc i ty  po in t s  i n  the  main channel were extended beyond the  bankfull  s tages  
f o r  comparison purposes. I n  both cases ,  the  flow ve loc i ty  i n  the  main channel 
above the  bankful l  s t aue  i s  l e s s  than what it would have been had the  r i v e r  
not overtopped i t s  banks. This f i e l d  observation f o r  these  two streams sub- 
s t a n t i a t e s  the  mass and momentum t r a n s f e r  reasoning t h a t  was pos tu la ted  a t  
the  beginning of t h i s  sec t ion  and by the  labora tory  observation of Rajaratnam 
and Ahrnadi (1979). 
The average ve loc i ty  i n  the  f loodpla in  shows an increase  a s  the  s t age  
increases .  But the  average ve loc i ty  f o r  the  t o t a l  flow sec t ion  shows a sharp 
decrease a s  the  s t age  s t a r t s  t o  increase  above the  bankful l  condit ion.  After  
a c e r t a i n  s t age ,  t h i s  average ve loc i ty  a t t a i n s  a minimum valce  and then s t a r t s  
' 
t o  increase  with a r a t e  and magnitude very much l i k e  t h a t  present  i n  the  flood- 
p la in .  Karasev (1969) reported t h a t  t h i s  minimum average ve loc i ty  f o r  t h e  
composite sec t ion  i n  a labora tory  channel was reached a t  a s t age  where the  
average depth i n  the  f loodpla in  was about 30 t o  40 percent  of the  average 
depth i n  t h e  main channel. For both streams shown i n  f i g u r e  120, the  minimum 
value of the average velocity in the composite section was found to occur 
when the average depths of the floodplains were about 35 percent of the aver- 
age depths of the main,channels. 
The trend lines in figure 120 show that as the flood flow in the river 
increases, the average velocity in the floodplain alone will approach a value 
very close to the average velocity in the composite section. This observation 
and the observation made with respect to figure 119 lead to the conclusion 
that for very high floods with a return period, say, near 40 years or more, 
the total cross-sectional area may be considered as a single unit. However, 
caution must be exercised for flood flows of lower return periods where the 
floodplain and the main channel behave as separate conveyance channels rather 
than as a single unit. During these floods with low return periods, the flood- 
plain is acting to some extent as a storage reservoir. But as the return pe- 
riod increases (figures 119 and 120) this assumption of the floodplain as a 
storage reservoir may not be valid. 
SUMMARY AND CONCLUSIONS 
The hydraulic geometry and carrying capacity of various floodplains were 
investigated to determine the variability and similarity of the hydraulic ge- 
ometry relat.ionships for different river basins and the distribution of flow 
in the main channel and in the floodplain. The results of this research are 
presented in two parts. The first part consists of the hydraulic geometry 
analysis and the second of the analysis of the carrying capability of the 
floodplains . 
Data for nine river basins in Illinois and four river basins outside 
of the state were analyzed to determine the hydraulic geometry parameters 
of these basins. The conclusions are as fallows. 
1) The Horton-Strahler stream ordering system and the concept of hy- 
draulic geometry that are valid for streams in the humid areas of the coun- 
try are also applicable to the floodplains of the rivers. 
2) The floodplains are carved in a systematic manner and the development 
of the floodplains follows a systematic pattern. 
3) The floodplain hydraulic geometry parameters width, depth, and cross- 
sectional area are related to the stream order and they increase in the down- 
stream direction. These parameters can also be related to the drainage areas 
of the individual streams. 
4) The other parameters, including sinuosity, incision, 100-year dis- 
charge, and drainage area are also related with stream order and they increase 
in magnitude in the downstream direction. 
5) The magnitudes of each hydraulic or geometric parameter within each 
river basin and for each stream order have frequency distributions varying 
anywhere from skewed to the left to symmetrical to skewed to the right. How- 
ever, the frequency distribution of the hydraulic parameters for the mountain- 
ous stream for each stream order is generally nonskewed. 
6) In ~llinois, streams in the nonglaciated or infrequently glaciated 
areas are more sinuous than those in the glaciated areas. 
Regression equations relating hydraulic geometry parameters to stream 
order have been developed for all streams studied. For the Illinois streams, 
the regression coefficient corresponding to each parameter was found to be 
close to each other, but the intercepts of the regression equations had dif- 
ferent values. Thus, the regression lines for any parameter for the Illinois 
streams were parallel with each other, but their intercept values were not the 
same. Consequently, the rate of change of different parameters with stream 
order was approximately the same, but all the regression equations had dif- 
ferent base values. 
The rates of change of the hydraulic geometry parameters of the main 
stream with respect to the corresponding parameters of the floodplains were 
investigated. The ratios of the floodplain to stream widths, depths, and 
cross-sectional areas showed a decrease with increasing stream order for all 
the streams in Illinois. This indicated that the hydraulic geometry parameters 
of the floodplains increased at a smaller rate in the downstream direction com- 
pared with the same parameters of the main stream. It was also noted that the 
floodplain width increased at a faster rate than its cross-sectional area. 
For some. of the river basins, a higher incision was associated with high- 
er and sustained low flows. 
The area-altitude or hypsometric analyses of the nine Illinois river ba- 
sins indicated that except for two basins, all of the river basins are in 
mature stages of development. The other two river basins, especially the Big 
Muddy River, are in a Monadnock stage of development. 
In general, the floodplain hydraulic geometry parameters of width, depth, 
and cross-sectional area increased in value in the downstream direction. How- 
ever, for some of the river basins, the floodplain cross-sectional area along 
the main stem of the rivers increased steadily up to a certain distance in the 
downstream direction, but then decreased in value at a steady rate to the river 
mouth. This may indicate that, geomorphologically, these rivers are not fully 
developed near their lower reaches, which happened to be coincident with the 
highest stream order of these river basins. 
The 100-year discharges computed at various locations for the nine river 
basins in Illinois have also been included in this report. 
A special analysis was made for some of the hydraulic geometry parameters 
of the Embarras River to correlate the statistical variability of these param- 
eters with stream order. It was observed that the number of bends per river 
mile and the average deflection angle of the bends are related to the stream 
order. The dimensionless central angle, the radius of curvature, and the 
length of the bend per degree of curvature corresponding to each order stream 
fitted the log-normal distribution with two parameters very well. 
Some of the specific practical applications of the developed hydraulic 
geometry relationships have also been included in this report. 
Actual field data related to the carrying capacity of floodplains were 
analyzed to determine the distribution of flow in the main channel and in 
the floodplains. The carrying capacity of floodplains can vary anywhere from 
a few percent to 87 percent of the total flow for the data analyzed. The 
carrying capacity of floodplains depends upon the size, shape or form, width, 
depth, and nature of the floodplains and the main stream, and on the frequency 
of the flood event. With an increase in the return period of the flood event, 
the carrying capacity of the floodplain increases. ~uring low flood events, 
the floodplains act as a combination of conveyance channel and storage reser- 
voir. However, when the return period of the flood event is about 40 years 
or more, the floodplain and the maifi channel appear to behave as a single unit 
carrying a proportionate share of the discharge. Analyses of the average 
flow velocities in the floodplain and in the main channel for different in- 
bank and out-of-bank flow conditions also indicated that the character of 
the floodplains changes from a storage channel to a conveyance channel as 
the flood event increases in magnitude. 
The results obtained from the hydraulic geometry analyses and the carrying 
capacity determination of the floodplains should have considerable practical 
application for floodplain regulation and also for the general determination 
of the extent of flooding in the floodplains. 
NOTATIONS 
A = 
CO, Cl, C2, C3 = 
Cs = 
D = 
DA = 
da = 
F = 
H = 
h = 
Average floodplain cross-sectional area in square feet 
Coefficients, dimensionless 
Coefficient of skew, dimensionless 
Average floodplain depth in feet 
Drainage area in square miles 
Partial drainage area in square miles 
Frequency of discharge in percent 
Total elevation drop in a river basin in feet 
Partial elevation from the lowest point 
in a river basin in feet 
Incision in feet 
Rainfall intensity index in inches 
Coefficient, dimensionless 
Coefficient, dimensionless 
Coefficient, dimensionless 
Kurtosis coefficient, dimensionless 
Coefficients, dimensionless 
Coefficients, dimensionless 
One hundred year discharge in cubic feet per second 
Regional factor, dimensionless 
Radius of curvature in feet 
Main channel slope in feet per mile 
Sinuosity, dimensionless 
Return period in years 
Velocity in feet per second 
Average velocity in feet per second 
Average width of the floodplain in feet 
Dimensionless stream length 
Variable 
~imensionless floodplain cross-sectional area 
Central angle of the bend in degrees 
Standard deviation 
Variance 
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